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CHARACTELARIGITICS Ok Ljpelﬁl SCRLLID
(*érrled out wder 0P 5439)

Abstract

A series of light, metal plates, called "Tlpning Jereens",
ware fired at by coliber .30 und .50 projectiles, Tipping sercens
of durnluminum, steel, brasa, cop.er and soft sluminum were tested
at anzles of impact from 0° to 60°, The yaw of the projectile
was meusured just prior to impact with the screen ana for some
distance beyondi.

. It wus found that & relatively lizht screenm will produce a
large yaw, 40° to 60°, but th:t u distunce supproximetely equal to
1/2 of an ordinary semiperiod is reguired for the yaw to develop.
The yaw produced by the screen 1s independent of the angular velocity
and yaw of the projectile ut the time of impact. It depends on the
material, thickness, and angle of impact of the screen, and the
physicnl properties of the vrojectile. The variation of tipoing
with thickness and angle of impuct is complex, and cunnot be
given by a simple formula, ZThe optimum materiul of those tested
{8 duraluminum; however, the steel shows_promise of equaling tne
nerformance of the duranluminum if ites_ strength-weight retio is
increzsed sufficiently. A mechanism by which the screen tips the
projectile is proposed, =ni the results are annlyzed in sccordance
with this hypothesis.

-l-
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"the proJectile penetrates a dense obstacle placed in 1its
. path., A delicate b.lunce exists between the stabilizing

- dupact must upset this balance completely uuriag tie interval
" in widlch the bullet pusses through the obstacle,

“intercept the dbullet first, Its fuuction would be to impurt

‘understood in order to uppreciule the gshilosopny beunind

 INTEODUCTION

- 1. PHILOSOPUY O TIPPING SCRE Ns:

"The yaw Qf a pIOJectlle Lb greatly ilncressed at'ter

and destabilizing forees acting in normual £light, and any
impulsive forces of the magnitude involvea in solia opody

I the projectile strikes armor plate artver oelng yuwed,
its ability to penetrate the plate is reduced in proportlon
to :he¢ auwount of yaw. The projectile in yawed [Lipht presents
a much lorger projected are. to the armor plate than in heaa~on
flight. and has to punch a correspondiagly larger hole in order
to panetrate completely, The increase in eifective ballistic
limit with increase in iucident yuw is qulte s5iallur to the
inerease in bullistic limit with dngle o4 iupuct,

Ihe two effects mentioned above cowbine to suspest a
type of urmor plate which, if properly counstructed, woulu bve
superior veight for weight to the usual solld plute. A b
reiatively light piece of artor would be pluced o us to '

a sutficiently large lupulsive couple to the projectile so

that its first muximum yaw would reusch an anplitude of some

50 degrees or greuter at the halfl period beyona tne tipping
sereen, - wpeaking loosely, 1t would "tip" the bullet, because
of this unigue function, this front lisht srwor plate is

called a "tipping screen', Beyond the tipping screen & heavy
piece of urmor would be placed at the position of maximum yaw to
actually stop the projectile.

_ The function of the tipping screen and lhe wrmor plate
are entirely separate, This distinction shoula be ciearly

composite armor of the type proposea. The tipplu, sereen
serves only to impart a sufficlent impulsive tor,ue to uhe
projectile to increase its waxiwmum yaw 10 & high value. It

is not intended to returd or duamage the progectlile, though
this may occur lncidentully. The armor plate 1s relied upon
to stop the projectile. Conseyuently, Lhe LippLUé screen
should be only heavy enough to carry out lss tipping function,

2. SELECIION OF MaTkitlale

One mizht suggest muny materials wiiich woula serve
this purpose, but little experimental evidence is availuble
on which to base an intelligent selection. 1o the author's
knowledge, noguantitative research has been carried out prior to




the present investigetion. In view of thiv leck cud the
fact Lhat the problem fallspriawrlly into on engatcering
Cutegoryé a purely cupiyric.l wothou of zuvtiek 1s 4ulte

justifle .

3. ORIGINAL IIYPOTIELISS
Hovever, before stauriing on the extensive program
thet the empirical method demands, it was relt worthwhlle to
see whether the behavior of tue tipping screen night be
predicted purtly on a theoretical basis.#

As the projectile approachea the tipping scresn, it is
inclined at some smull angle ol yaw, to its direction of
motion, 1If the screen is normal to tie progectile!s tra-
Jectory, then it is possible vo visuulise an ilapul.ive couple
AT, ucting on the prujectile, given by

AT = £ 1 sin b

wiere 6 is the yaw on striking ihe screen, hereotfter

deaignated as the "initial! or "iucldent! yaw, 1 is &
characteristioc length, and £ is a factor of proportionality,
as illustrated in the accompanying sketch.

-

\

# Mr, R. H. xent and Wr, H. P, Hitchcock sugnested the original
hypothouin. Refer to Bof. Uv. 1.
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The amplitude of the yaw beyonc the tipping sereen would
e roughly vroportional to the lnputsive couple sad hence, L
to the initdial yuw, if the anplitude of the yaw beyond 1s
large compared to noruwel; wnat Los

‘ B ' " bm,:= A c0 v w

vihere o 1ls the vulue of the first meximua yuw beyond the
screen Qud K 1s a constant the viulue oy which depenus on
all the other. pardmeters involved,

LIt experlaental conditions are neld coustant from one
matericl to the next, tuut 1s, if the guliver ond velocity
of the projectile wnd che welght per Wil area .nd .agle of

;%mggg;.qf the sercen are Kept tine same but only the maverial
rom which the screen is wde Is changeu, then i ic & ligure
of merit of the tipping screen's behavior. The screens
having the greater Kk would have the bevter perforuance. 1o
select the optimum material, 1t shoula only bc necessary to
test 2 number of eyual welght screens of the materials
) wppearing to hove thue grectest promise anu o determite the
one with the l.rpgest k.

It is appropriate to Mention at this point vhal the
experimental evidence obtained proved thet this hypothesis

1s incorrect, at least for rw.ll yaws. llowever, since Lois
hypothesis Justitied purtv ol the experinmentul vechnigue used af
and sppearad to be plausible aua conreclse, 14 acrits an TI

adejuate Jddseuwcsion even though dncorrect.

The determination of K regudireud an accurate newsurenent
. of the yaw bcfore and alter the uipying screen. The yaw ulter
’ was large snu vwas easlly wmeasurea by yaw curas. Tho yaw
tefore was small and measurements Lrow yaw cards woulu be
subject to consideravle ervor., In view or the direct de-
pendence ol K on the vulue of 0, large errors in o, coulu
not be toleruted, Conseguently, » . was measured i1ou Lgalk
photographs taken directly in I'ron® of the Lippily, sereen.

4o SLLLCEION OF UHAPE:

_ In addition to the optinum materisl for the tipping
- sereen, the optimum shupe is reguired. The increase in the
, balli-tic limlt otf armor plate with angle of impact su,gests
y that the tipping sereen mizht prove more effective inciineu
! al some angle to the tryjectory. IN many places in aireruft, it
T is feasible to incorporate the tippling screen into vie
structure inclined at an angle tu the principal direction

u-.ummtmm.w&w g

) Lm:]hﬂu;.. .

. " of attack anc tihus use u lighter screen then one placed ot
s norm:zl, For exwmple, the skin ivsell nay prove eff.ciive
L &8 a tipping sereen. 0L courie, tie progected weight of

e - < e vs mEEEEeITETE ST T . . . . “‘-
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i thw creen ;ncrcases with 1tg uligle of. leiqu1tv but the
“fpogslbility exists that the resulbant tipping increuses
. - faster than the projected weibut. Conse,uently, the
o 4lpping -‘screcns were tested at a series of unglesof iumpuct
}_,ranginb frum novmal to: 60°. : ‘

5. SPACK LIMIEATION:

One-. stringent limitation of the tipping sereen-

‘composite type of armor is imnedistely appurent.  The ulpgl

screen does not tip the progeectile to uny wppreci ble ngle

~of yaw as it péngtrales the screen, lLiuvrgly Taparts an

impulsive couple to the rojectile. The iupulsive couple
expends TESeIT by increasing the normil yaw. AS & conseyuence,
the vaw requires considerable wlstunce belore it reicies an
effcetive value.

The reuction hetween the lmpulsive couple anua tiav projectile
1s anulogous to the respouse of o weight suspenaeu by a spring
to & sharp blow. The blow 1 finished before tne veight has
moved wppreciubly, but the energy of the blow pives the
welght sutficient uiomentum vo curry it to & conslderuble
displacement agulnst the pull of the spring. The displace-
ment taxges pluce in a normul h:li perlod. oliilarly in the
cuse of the yrojeciile after henetr ting the tipplay screen,
the meximam jaw develops in o distance tliat is, Lhe order of
magnitude of & normcl nholf period In coutra-aistinccion
to. the case of the spring, ine pseriod depenas loversely on sne
amplitude of yaw (to be dLscussed later), thet Lgsthe lurger
the yaw the shorter tihe perlod. In the coese of « caliber
0.50 projectile, a 50° upplitude of yuw shortens the nulf
period from 12 i/k feel o appronimately 5 feet, usvel so,
the ti pping sereen must be placed a distonce ol 4 tou b feet
in front of the aramor plate to work effectively,

In many military upplicutions, the spuce rejuired butveen

screen and srmor would not be allowable, alreraft are a
- unigue: exception, The uirection in wiicn they are uost

vulnerable to attuck is from the tail. The fuselage huviug

ﬁ_munytransverse structural uwembers permits the armor to be

spread out along its leugtih and thus in the proper dilrection

for the wost effective protection. Furthermore, there is

the possibility ihat the tipplng screen mizhi cerve the

"dual purpose of both screen znd structural pemver.

"~ 6,. PURPOSH OF PRUGENT INVE&TIGLI; N:

he purpose of tne present investigatlon is vie
determination of the basic fecvors governiag tippin, screen
perforuance., 1ihe significant parameters were (nnud, Ifor tne
exception of lo. 1, .re) neli:ved to be:

dindhn




'1 'The 1nfluencn of these paramuterb Was systemuticually in-
_vestigated over a limited range ol valucs, within tais

. of the author, one should approach the problem of tipping

-their action ure not knovn well enowgll us yet to be ex-

K
N
3

— TR

tha inltial de or the proJectLle,,

the caliber of. the projectile;

“the material’ of the tippihy screen,

the thickness of the tipping sereen,

.the angle of impact between Lhe normal to the
&creen ana the tungent to the trajectory.

A o H

range the results are believed to bs accurcte ond cousistent.

Outside this Tange, only -the nost guelltative extrupolations
can be wade, -This investisation his aisclosew certiin

general trends, Por practical desiyn, Lnu resuite should

be applled nnly within the limits cavere "In the opinion

sereens with the philosophy that the basic laws guverning
pressible in a consistent and cougrehensive set of :awthe-

natieal formulae =nd th-i each particuluer cosc must be
investigated empirically on its own wmerits.
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The firdngs wers carrica out i o smell enciosea
rolge wiol could be darieled for tne vaking or Lhard piloto-
grapha, The apparatus was plucea in posicvion al®yg the leveld
camtent L'Lour cnd held stationury by lcad welshto. The genercl
arrangenent Ls sgetched in rigare 1.

2 GUIALD wddl SMOdiTEs

——

A& Mann cecurucy type ritle wus usea. Lt was daroeu

froa a conventionul V-blowek, mounted in a Frankiort rout,

wiileh in turn was helda Whe aesired el nt from the rlowr vy

. heavy table, an eleneatary recoil aecnunism consgistew of
tvio springs rastencd together &t oneg end to ithe trigzer

guard wnd fostened separately at the ollier to churus pessing
over pulleys and tled to S~pound lewu weigluts. lie secu) lor
culiber 0,20 Maun Barrel and Veblock is saown in Figure 2,

Caliber 0.30 end 0,30 Manu burrels ana Veblocks were used,
Lach V=Dblocik was allgnea welore firing so tnat the center
line or the bore was accur.tuly norizontal ne apgroximately
perallel vo the walls of the runge., The alignment was checdguu
frequently but in all cases any chau;es}%ere fowu to be of
second arder uaynitude.

3. | AwlUNITION:

Two types ol projectiles were tired, the caliber .30
Mly22 AJP. and the caliber .50 M1 A.P. Gervice cuanunition
was used. The velocity was not mesasured, nowever, ror it
1s believed that small differences tnut mi nt occur from
round to rouna in the service aanunition would huve not
appreciable influence in the tipping. The muszle velocl-
ties are approxiwmately:

Caliber 0.30, ML922 AJP.: 2750 ft/sec
Caliber 0.50, M1 &.P, 2660 fr/sec
The efiect of velocity on the tipping was not iuvesti-

gated, though this probably is iumgortant iy the velocivy 1s
difterent from service.
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ahots was fireds  AT1 exoeriwments) vnnwittnns Warea keot

proud were fired one after the othey with

Yar ench vnn(thurat on t group of from four te ton

shots of” the

congtant durlng the . Uiring of the grous.
nnhufq dclﬂv

|llo
t(‘:.Chc'.in € 'L)IG \n)w "‘T‘ﬁs, ul"l’l()'l' ‘711 t‘,‘ f}nd

LT ﬂ:no vcn'm

"he ti Jalng sereen f'm:a."tei‘. o &«

¢
one ool hy throe 1(\.01.‘ T1 was held in sositi

:l‘iﬁ {:ft "1 "\M 1

iom in o stonl o
Trwmnv¢ncn'wmlfln‘rut tod ahent s wPizonte 1 &“'” Phe T
stoel frema without the tip:iny cereon ern e seen dn &0 o

"*Hu o J hatween the soark ,vrﬂm rt.ohy pnoer: ‘ur ima the vew
sopd Urames.  Tn thls ;HLOL(\bPTL)n, tne Cveme s tnolinoed ot

600,  Hefore flving, the ezip of ths freme wes Lrv~1~' uNe
turne? until 1t was vccurot(ly aeyracndiculry 9 tho urv‘ne‘ﬁ“v.
The teehnliue used feor this letter adjustment will be dmau;”sed,
in the gectian on the sunrk Hhatogreshy anoavetns, By vobtatlng
the steel frame uhout the horizontel sxis the sheat ceuld he
sat sceurctely ot any destvod angle of imoucl Hy & bevel .
arotractor snd level, slnce the iPaJPUTﬂ}V le¢ horizoentsl. The
steel frrme wvus set st the destred ong le cnd aeld there until

& ogrouy of stots was ired. Betweon ea«ﬂx'%*mvt Lhe tloing
sereen  weeg shifted 1n the froeme oo thet & oonee of four
inehes or more was left between bullet holers,  ‘The sheel wes
suoported along its threce foot rlees snd ot ene fool on cithes
side of th: conter of fmoret.,  This type of gupoort held the
ehnet wmite »ioidly, Yonetration wer o loerl offalr snd ne
gonerﬂl doform-otion of the shoot was ohgerved, This e dle-
cussed in detsil in the seetion on Lhe Machanism of Tinsing,

"rior to tals Iavestigation, no Duwlorymetion wes avellehle
on  the chovreteristics of » moteris)l whilenh would best enit Lt
for ure rg o tloning geroen.  whe twe shysicel rooerties which
aaneered b hove the nmost tmoortrncoe, st least for tinadng
seraeens b (ireraft, cre tenglle strength coad welight oder anit

cret,  Thne four extreme combinstions of tatee twe renarlies

gare met by the following mutevisls:
Light Work: 2ure slumiowa, sort, 19 sheet

desvy Wenk:  Pure coover, novo, L/AY shzet
~ N 1 /e . o 4
Brass, nord, 172" shost

Light Strong:Turaluninos, 24 &0, 17167 sheot, 1729 sheet

deavy Strong:Czecy Helmet Etael, 2,747 sheet
wooserties uniknow




5frhe ph)SlCal gn.ractbr15t1c~ of thu mdtcllulu tca»eu are

iven 1n ii 5¢ -

No - 1n;ormatioﬂ was avallable on the necessary tnlchkness
of these naterials to proauce sufrieient tipping, vut, silnce

" the 1/16" und 1/8" dural sheet were aveilable and lovxed

promising, they were tried first. As they worked satisiuct-

‘orily, otner materials wérc based on tne duriel resultvs. The 1/8"
--soft aluwainum, Czech heluict steel, aud 0.0.,75" wild stcel huve

close to the same weignl per unit ares a. the 1/8" uurul.

The 0.095L mild steel has the sume weight as 1/4" durai. The

brass and copper hove the same weight as 3/3" uural. ‘the

.. orizinal plan was to test 1/4" wnd neavier cural sieet. Lue

to railure oi the Alr Corps to secure a sul'ficiently hiph
priority, the heavy dural was never supplied to tie Proving
Ground, The sizniticance of this lecl willd Le discussed 1in
the section on 1/8% durual resuits.

The steel did not mave sufricient tensile streangin to
make 1t a truly representative eXuisiple ol vne strong-neavy
class., Its streugth-aei ht r4t¢o is Lless than 1/3 tuat of

‘the aural ohd g, in roet, little better thun the bruss,

A steel naving a tensile strenplin of 209,000 liws. per sg. ia.
would Rhiive haa Lhe swme strength-welighvu ratio ws the aural,

“Unfortunately, ihe Proving Ground was unable to obtuin sieel

snect having tae desireu strength.

The range ol ungle of impuet investlguted was rrom
0° to 009 the angle of iwpact velng uvedined as whe wagle
between. uht normal to tne tipping serech sauw the tagent to
tie trugnctory. Tests werc ciaried out at 0%, V%, Lu®, ol
60°, iHowever, wot-all Lac m‘turian were thuuu tulougiolt
the entire range. Where it seemed suiriclent, tests vere

_carried out &t vue or two cugles only.

Tor the initial firings ol ualxbur 0 30 eionst i/aon
ana 1/8" uurel tipplng screens, the screel was located
t-1/2 feet doull-renge Urom the gun muszle, the distence ot
a norm:l nolf-period. If tne tneovry 15 correct, this sioulu
be tho positlon of maximuu yaw. The Tirdangs were repeated

- with the screen pliced at 17 feot down-range, the position or

mininun yaw, I'rom an anulysis ol the resuits (discussed in

- the section on the Erffect of Inciuent Yaw), 1t 1s clear that

the position of the screen alony the trajectory is rmuasnterial,

_¥Yor consistency, however, &ll subsequent tirings werce conducted

with the screen at the niniaoum ysw po&ition, 17 feet for ihe
caliber 0.30 projectlle and &9 feet for the caliver 0.50

'prOJectile.
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Tne sthitement regrrodng tiwe Lhdenendopneo - Lhe resulis
from the senltion of the seveen aslony the trejoctory saculd
o~

he cualifiaed by tie romurkx thet enly Lhe vaw of the Hro- .

Jectile in normel F14ight hee ne Inflaomces en the tioaing,
re the sercen 1n ol:ced furthaer ond Jorthor oat 1oy the
treJoectory the voloe ity im'.ll'«hn" g o n osons Loeition
tuis change will become imoaoretont,  Rafore getting o Limit
on the distrnee thst the seresan may bHe dlrced swiy Trom
the muzzle bai'ore Lhe 4 n,.“-' Le gffected anvreeirhly, an

investlicotion of the offeat ~F velonids mngt he epvpiod sat,

A SRGPK DG RHY PO TITOME

the pun nne tie Lo lag seraen,  UTen vie inctoent wow owe
to be moseueed, socrk Hantogrsain oo Lo ten 10 o .T * inchos
hefrre the tiodiay sereosn,  Vhon the inecidend coapnla
velaelty wis Lo bhe morsurad, =~orc ohotao e e wone *:': Ken
#1t the nocltl~n of fhe wmsime vew hoteran She gun one the
sereon,  The soork 2hologr«shy oonoe Lus Lo te b dlaenesed
ully in o futurc v-ou:vrt, nuk for Lhe moaant ¢ hriat ~ntline
of 1ts n~ners~tinn will suffice,

THo monry ohotoprr by ooooatrntiar wee oloeed H teworn

e sanrk shotoy»iohy Lachnione congiets eacenti: 1y

In gonerating & brilllent but ~wtiemely ~uicl barast -2 Llight
whilch castys & shudow of the Miying )rquat.“-:.tJ.c‘ on o hoto- '

ryeonte £1im, The pene-il ("."_'Llll:""!‘:.'l!'ll"\l Ll slktetrhed in "J
Flirura 1 snd ;o Photopreah Lo el in Vigane 4, In tho '
vhotor o oh the two high voltoge cnoerk units ove gliting: on
thier right ¢ide of floor of i Gt oo the bhoneh o on
Yiie 1eft oof the courvi: 2oy - gimtlere over Gthe Lirhi Lubes
cleerly laentify Hhease anits oalek-uy stopge $o00o0d by the \
LntennLe osth rnd sntennn y o oo gaclt a2t tho -
rurht o tho corricroay the & helins the H»antopr:ohic
£1lm nrelks te Loacelsd ahive ond 0 the “l At or the antenne »5 :
tha £ilm 1s alaoced ~wrellal te th- tye Fvonel DT bee op 3
an to one sicdey one 11 hY sonrce s loond
Tilm 20 inches r>» 8~ on the ~thor 200 <7 +he
& socend Lisht ecurcee nd f1e e L L
the first, vhug ehtoliniag o> fcetions
L ortivagonsl »icnes : :';.m oW e copgiats of ¢osarrt

&l -

yvaaetee thao

v lactary

.
ST g_: el in gortes with o ocoeveary floen sube anton L/
'2"A""")' cras cmdonsor 1 e ml?;ff.. Thae clroutl
and (,0.’1’!-)01‘-.v'1 D PUE &T Wen o in ligares &, 7, ons S,

“hanp the mereury Plect o de lgnitec oo trisvecing
velte L_( y the conionger Slgehivyos tliroach thn el Labe
end sure o gen inoa micrgsecoad or Ywe, e orotucing in Lhe
Soark prd oa gheri of gredt inteasity ond o sach o shart
duration tac? it cffectively "stooo" the ojecii] t

raiel enleulation Lnd,c. tog on st
- 1
"

AN velite rro genorsted b
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filas, lowever, s« few o L progectiles ¢ouie Jrom Lne Sun

with ithe opposite chirge, 20or e .50 «dici - re discussed
in ref:rence 2 (but whien ore cousiuertuly in uesiion

in view of cert:in unpublished uabi oblilavu rfccati; ot

Proving urouna). ror these rounus, tie reciulicr pessea

first hump, gjenercted wien t:ie progectile .os in Yooy ol
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- vhat @ circuit has since bheen constructed at the Proving Grouwd

~wnfartunctely, it was not uviilable at the time of these
tests, S L B

&t

antennac, -wd the spark was trigeered premavurely resulting
in a blank photogruph. 18% of the rownds werc iost in '
tnils way; the caliber 0,30 benaved in a were wncertain o
manner tnen the cedlber 0450, It 1s appropriate to mention .

wvhich will opcerate properly on charges of eliber sign, out,

In uddition to the shadow ol the projectile, the
shadow of the surrounding shock wave systew 18 also caust on
the film, GYlhe-‘reasons for this und the significunee of tne
shock wave system are discussed in refervences 3, 4 (nd 5.
whe wave gystem haus no direct bearing on the present problem,
lioiigver, o

As cun be seen frum ihe preceding deseription, the spark
photography apparazus consists of four component parts: an
antennae pickup stuge, an amplifier with & rectitying stuge,
two high voltage units contniniag the spark saps, and two
vhotographic films mounted in a suitable holder, A single
spark phorograph gives u progection of the projectile in o
only one plune, As mentioned previously, in order to obtéin
a4 spuce orientation of the projectile, two high voltage '
st-ges and photogriuphic film holders are pluced ai right

anples. The two spark units are triggered siuultaneously *
frow the pickup by comnceting the lgniting bands on the

two mercury flash tubes in parvllel to the secouuury ol the
Aberdeen Spurs Coil (See iigure 6). From the two orthojon:l
pragections ol Lne projectile, & siuple trigouometric cul-
culation gives the angles of yaw und orientation (see page 15),

The photeyraphic £ilms wre held in conventional plate .
holders or in film packs whieh are neld in turn at right oo
«ngles to one another in a slide frume, 4" x 10Y cut film
and 5" & 7" film pucks were used. 4 closc uy of the fillm
paciks in the slidc fraewe 19 shovin 1n FPigure 9. The slide
frame is mounted in turn on the superstructure of & :
carriage sitting on the floor or the range. <the cariiage
superstructure holds the virious components of the spark
photography apparatus in proper alignment, The slide fraue
is adjusted so thuat the trilws are keld in norizontil wnd
vertical planes respectively, approximately parallel to the
trajectory, and so that the projectile passes in the corner
between the two, about 4 inches away {rom both plates.

In order to measure the préjected yaw of tihe projectile
in the vertical and horizontald ¥lilms, it i1s essential to
have a reference iine giving iRe horizontal una verticel
progectionﬁ of the trajectory. The measuyeacuts were uue

-
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. 80 c¢lose-te the muzrnls thet o 2rojectica of Lhs in
o tangent to the trejoctory wus helioved saffleientl,

seeurate Lo measure the yaw fron,.  Tarthermore, since

Mann accuruey barrol g used, 14 wus nosumed Lo

initial tengent wis coilactldent with tie center line of the

boro;

The onnvonfuonﬂl mvthno for arnjecting “hoe ceoutaor
of the borc is to use oocurvayine teleseoss concentdicadly

“mounted in two identionl speeing rings. fs will ha
tnis method weg not ferzible In Fhae sresent caso,

tiza verticul rnd horlzomtol orojections of the contor

are desired ratiner then the Loes tien of tha centos
iteelf, The methed uged iz 1lluctepated 1n Ilgu-> .
vertiesl arojection of th- center Jine o »uther o 14
pirrallel to the center 1ine con ho =wrde by e’nean -
altting on & plens table with tne pale aden of Sho
orrallel te the conteor linc, & close v Ls shhyam

o dummy Mann harsred s two ccoliner, oo ilei hose

An teangvaerse slots in the fore cnd &t sonclay o taee,

resnectively, so thet their fore wné of* odegan rpe

]

persrendlenlar ta the centor Line ¢ “he hevral, e (e

hnrr'l fa olreed I Lhe V-oulook omd i alann or G
bers La levelied, using o Lheroebt 129 maeqiqisbty

Each her, ineldontedly, ers grenld necvs ol sounp.s

gstraight orior to 1ts n:snmhly in v odaminy Looeel,
arecisoly mechined YW res dnned to the nndn-ﬁiue
olldade bose so thrt 188 lony ciépon wore coeuestols
cular to the role edge of the bsgo.  The clic do wis
on the crose bhars of *he dummy Mean boreool wrtth 4@
bar snug agelnst the oft edge o ko {orvesd Man
crogs ber thus bdringing Lts rule odge arrsllel o
lin~ of thoe dumny V'uml brrrel. Hlnece the boses o!
is horlront:l tue mptlcsl nxis of th telescone tri

o -+ = "1

.11"! ('.11\‘ [
1

Ju}h.m .

# vertlael oslene. Consequently, since the rule edge i

nersllel to the axis of the herce) and 1Lics In the

swept hy the onticsl aais of the telercode, the vorkiesl

nlane surveyed by the sifdude 1g o verticnl sline
to the center line of the hore, )

aErellat

Two reference wires are monnted nn the stice fv'm<,

1
ene in .front of esch £ilm, =so thr bt s imegae 17 cnst

£11ln nl(nh with the )“GjPCL']n' imepce.  Tha mountinge
the reference wires conslst of gserow davicas conatructar
thet eaeh end of each wlre cin be adjusted letoar: Vi,

moutinegs ecsn be seen in Figura 9 with the wiveg in

The mnuntinf on the vertivrl film noldaer nro sloztnu,
gronovad cccentric whaelsy the mountingy on thr nosrisonte

fllm haldoere are scorews halE in velen, ©ha
of the film in the wverticel :ine 's levels:
12" meehinistts lovel. €inces the Mran oo -col
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this wire is a true nhorizoatel progeection of u line parallel i
to tie trajectory. Thu viire ia front of the rilm in the :
horizont:l plene is aligned with the alildede in position

' on tne dumgy rann tarrel. The two enas ol tne rolerence
wire puss in a groove over tne mountlay screw and hang
vertically, wciphts being attached to the caus. The aliuaue
1ls slid zlong the ceross bars until the two hanging enus
are seen one end on one siue or the vertical cross-hair
and the other end on uhie oiner side of the C¢ross-=lall (sec
detail sketeh in fig. 10). The two euus of the relerence
wire cre then azdjusted until Lhey both coincide wlin the
vertical cross—-pnalr. 1n thils vay, they votn lie 1n the
verticul plane surveyed Ly the allawde, ana, hence, the
reference wire itsclf 1s a true vertical projecilon ot a
line purallel to the trajectory. lo atienut was wade to
lociate the ectuad trujectory itselt. It was necessary to
neasure only tne yaw, The driit wuas oi no councern in the
present investizatvlon,

A procedure similar to the one aescribed avove was

!} : used to pluce the axis of the lipping sereen irage perpen-
dicular to the trajectory, The screen was sct at 0° angle "
of attacic and adjusted so thut it lay in & vertic.l plane.
A squarc was then held agelnst the screen wnd uoved luterzlly
until 1ts side poerpendicular to the sereen coulu be seen in N
“the field of the aiidade. The fruauwe vas rotited about o
vertical axis until the lenglih of tihe perpendicular cage
colucided with the verticul cross huir in the alldaue, 4t
this position the vertic:l pliue ol the seruen was perpendls-
cular to the trajectory, unu, hence, the wxis of ihe Jruue
was aligned both horizontul wnu perponuicular to the

j “trajectory.

In order to positively identify edchi sparg phoioglapil
with {ts corresponding round number, a set or nwabers
about 1/2" hish were made from vwire and ssluerea on tie end
of small metul Tabs., 4 strip of cellulose tope wie
gtretched weross the slide frazae in fvout ol exca ila
slightly to one siue or tne reference wirc. wne tabs on
the numbers were stuck to the tape, noluiing wle nwibers in
proper order to one¢ side ol tiae refercuce wire.

dach spurii photograph siows tie silliductie ol the
round nuaber, the reference viire, the projeciile, ond tie
saock wave and wakKe sysitem., Hepresenwv:live pnovogruphs ore
~shovm. in. Fizures 11 to 1l¥d, On tae pnotoiraphs the pro,ecued
_yaw was aeasured from the side of ine progectile to iLhe
. , , rerergnce wire by a Brown and Sharpe dr.ftsaan's profracior
. : heving & 5 wminute vernier. The accuracy oi the yaw measurc-
© ments, estimzting from all the probavle tources of error, is
g§0od ‘to within - 10 uinutes. If § is thie ysaw seasured rrou
‘the rilm in the horisontel plune wnd i tne yaw in the vertical
" plane, “then &, the angle ol yuaw, and g, ihe cugle of
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ortentaticn, are sgiven in the firsst quedyont by

ten 5 =

.

dt*w?ﬂ + ten”g

o
3
o

u

tang / timm

Aaarovriaste chinges must bu'madg in tuo cnloeulntion of
in the 2nd, 2rd, and Lth quedrsnts.

I asdition to the sohnrk olintogravhe tekeo under the
conditions just dereribed, & sebies ¢f »icturaes weve L ien
of the enlther .59 wojectlle senetroting o /7Y vwnl
sereen fnelined nt 60° (sce TFigs., 19 £y £7). The seresn
wags sudparted ¢t the too snd Boitiem only, ‘vhe 2Hurk unit
wus sloend osn one side of the sereen »né the f11m bolder o5
the other side so that the nlate cost 1is ghadew oy Ehe
film, 2 serfes of rounds weg thon firad,  Phe sy Fove
each round wig timed a Mittle Lloter thon the o-ceediyyg round,
and thr sereen wag shiftad In Lts hieldor tetween voonis o
thot earh round siruclh cn undisturbed S«¢@'on, Thus oo
serics of 2ictures wore ohislned showing *he srojeetido ot
ancceoaalya acogitians Jurtag 1tz enebreticon of ¢he cereen,
The Imnuct of the Hpalectile on Shie sereem Joner: tra ¢
Tlash of light which In certein ceses fopped the Silm, A
mumbaer of aletures are wrticlly chsenpod by thls - oheanesne
Ligh*. '

fince eich pletura shows ¢ Atfferent rajoetile, the
serles should not be reguarded &s o aotion sietire “f ithe
actlon taking »slace during oenztrztion. Mecu siciars shous
a unicue cltuntien. The seriazs o8 & ahnla roesresonie o
cense nistory of the shenomancan.

) L similer serics of spbfk ohictoprashy were toxen of
the caliber .30 orojectile penetrating o 1/16" durtl screon
inclined at &0°, The ohotogreshs are vary siailzr to the

ealiber .50 -~ 1/9% durel series, ond, since they revesl

nothing new, they are not includec in this ropori,

6. - YW CrEDS: .
~Revond the tiaplng sereen, vew cards »ére 2loead
ut 1 ft., 2 ft., 4 Tt., A Tt., # £t,., =nd 10 14
“{gure 1 onéd, for a domme-rang> nhotoprash, i
Shotogrephic na»er, 1Y X 17Y, wes uscd, an’
? shots could bin recorded an & singlz csvrd.
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- the cards wng ﬂﬂju tnd norwal i the traiuﬂtnnv - Phe rizhl
- edge -of the supporting frame was acdjusted o p true verticel
position and ‘used rs & reference 1ine. The wey and

" erlentation were meaSuved Irom the uwajor axis o7 “he hole
oounched in the ¢ard.  The technigue e ontlinagd in rafavence 6

'and representative ssmples of the Mwles sre shown in fp, 29,

-

‘Certainly the ecomprrative results are t.ot good. T

One sourcs of uncertsinty in the vow cord messurencnts
“apneared. af'ter the {irings were under wovy, The arojectile
1¢ deformed 1in penétrating the tlooning screen., If th:.
.sereen 1s heavy enough ar ot ¢ suificient sngle o1 toaen Lo
produce considerable tiooing, the nose of the Jucket is
usually {lettened _scmevnct, md ecccoslonelly tern well hice’
rnd to one side. Some o the rounds hed the Jucket Lr*\nod
comnlately off the corc by the tipoing screen., This Jde-
formation shortons -the Llength of the srojectile, and the

“majar axis of the hole in the yuw card ne longer glves o

correct meagure of the wagle of vew, Furilermera, 11 5
Impoesible Lo determine from the yew cords the ezact roncunt
of e&ach deform:tion, It 1ls nogeible Lo eot lhmtts, which o,

~.of course, the unlnjured proloctile on the one hind wnd Lhe
ceore on the other, snd from these limits t~ muke & roupgh

estinate of the nassible errar in the messuromont of She vew
from & nartleular hole in the yaw card, £1 nigh yows, hoe.
ever, this miximum possible ervor nay he very grest, co the
aeraon measuring +he cords hed Lo vely on his om judpment
in duestionable cases.

In addition to offecting the megsuremants of vaw, Lhe
deformution changes the vhole behevior of thr Irojsctil-.
tfter Imnuet with the t*.oing seroen the arejocieile ne
longer 18 & symmatricsLl body »F revolution, but rother i
an irreguler slug traveling deova-rrage.  The vev dewme-ranpeo
from the . .screen cculd hive been much more pecursinly detnv.
mined from sosark »motoprephs taken with »oflected lipht nd
cemeras in plece of the yvaw cards but such & technique will
nnt be ava *l'ble et the Prov!ng Ground #ar slx montha o»
vear.

“In s»uite of the above mentioned sourcesg nf Erpo:
1s believed thut the vaw meesuremonts #re goed t~

Lo v
he measurements of yaw err on the sida of being tec q.ill
The curves representing thae basic resulis wara faired
smoothly through the voints te give the most vrobkehls ganne.

 On the other hand, the curves. taiten from the menn voluas ~f

.the brsic results, are dra¥n zccurstely Lurough the moon

-values themselves.
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o In certnln reovescntetiveo ronnde, » wew oned e
ploced one dnch. . beldnd vha tioalng sereen snd Horalle

il

)

S P}
tts surfoce. Mast of the solesh caning Dvom theo semeon loth

~71ts mark.on thls "galash® card, Tllugtrotive euisles oeo
ahow - in Flgures 29 to 22,
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1. R UBPQuh AND ATHOD OF PIES

«Q

Ui v dhe purpose of the present investigetion was (1) to
- .determinc the laws governing the basic behaviour or tipping
+. sereens und (2) to seleect the optimum material und angle of

impaot for tipping screens used ageinst caliber .30 end

‘f-f,caliber +50 projectiles. I[he experimental technijue und
-~ the materlals used to achieve tiils purpose have already been

- ~7-;ﬁ-:,?,';—s~—»

..discussed. Unfortun:tely f{or any directness and simplicity
"~ -of presentation, the réesults show thsat tne behaviour of
. tipping screens is complex aud cannot be explained by a
" few sweeping generulizations. First, Lhe results pertaining
tQ the original hypothesis concerning the reluation between

the incident and resultant yaws will be presented. sccond,

there -will be described a generul pilcture of what is be-

lieved to be a correct analysis of the mechanism by waich
tipping is prodmced. Third, the resulis of the tests on

.indiviaual screens will be discussed.

‘Before continuing further, it wili be weil to deiine a -

- few terms.

“Incident yaw: the incident yaw, ulso culled

"the initial yaw, is the yaw measured from the spark photo-
- graphs taken one foot (approximate) in froal of the tipping

screen. The variation in yaw between the photogruph and

the screen 1s 80 small that the incident yauw cun be taken
for a«ll practical purposes as the yew of the projectile just
as it strikes the screen.

~ hesultant yaw: the resultai yaw (s the value

of the first maximun yaw beyend the ti_piug sereen.

' Incident orientation: the incident oricutation
13 the orientation of the p1oiectile Just =2s it strikes the
screen. :

Resultant orientation: the resultant orienta-

ition is the orientation of the projectile just af'ter pene-

trating the screen. (The distinction between the meanings
of "resultant" describing the yaw and describing the

J'.orientation should be noted).

— Anble of impeact: the angle of impact is defined
as the angle between the tangent to the trajectory and the
normal to.the gscreen. The angles of impaot are usually
designated by 0°, 20°, 40, and 60°. However, & screen at

an ungle of 1mpact of 0° mey also be called & "normal"

screen or a screen "at normal"

Angular velocityt: the term anjuisar velocity
a3 used in this report'is defined as thut component of the

‘angular veloeity perpendicular to the axis of the projectile.

-18~
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The results concerning the incident yaw are pre-
sented in the rform of a plot of the incident yaw against the
resultant yaw (see figs. 33 to 38). Zach poiut represents
a single shiot. Buach graph represents & group of shots fired
under constant condlitions. The variation in incident yaw
from sihot to shot 1s due to slignt variations in the launching
of the projectile from the sun.

The complete lack of correlation between the iucident
and resultant yaw for 211 of the groups 1s clearly eviuent.
In particular the points for the ,roups firea at zero an;le
of lapact are dispersed in a rundom manuer about their mean.

These results prove that the incident yaws of the
magnitude encountered in the normal flight of the projectile
have no effect on the resultunt yaw. If the theory tor k
is correct, 2s aiscussed in the introduction, the poiuts for
each group of shots should lie about a line through the
origin having the slope k. The actual distribution is
random and definitely not linear. Conseqguently, tho Kk
hypothwesis must be false.

In addition to & yaw the projectile also has an
angular veloecity, and 1t was groposed that the angular
veloclty might be a determining factor. This possibility
was investigated by taking spark photographs at the position
of maximum yaw and placing the tippiny screen &t the position
of minimum yaw. Tho method 1s discussed in detuil in
appendix No. 1. To 2 fivrst cpproximation the angular
velocity at minimum yaw 1s directly proportional to the
amplitude of the maximum yaw. If the angular velocity
influences the tipping, a correlation must exist between
the yaw at the position of maximum yaw before the sercen
and the resultant yaw. The results aie shown in figs. 39
and 40. The lack of correlation is immediately apparent,
and the angular velocity as well us the initial yaw is
eliminated zs an active parameter.

Although the results show that the initial yaw und
the angular velocity do not influence the tipping, it is
the author's opinion that thelr negative effect holds onily

so long as the magnitudes of. the initial yaw and angular
velocity are smull., If the projectile were yawed to a
considerable amplitude by some cause before striking the

" tipping screen, it i3 believed that the large initial yaw

would have a proportionally large effect on the tipping.

-19-~
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The negdtlvc eftfect of the 1nlt;al Yaw and cngular

' velocity simpliliea the investigation to a certain extent.

Jince these two do not influence the tipping, they need

not be measured in en ordinary tipping screen investigation.
For firings with a normal projectile in normxl t'light, the
screen nay be placed at any convenient location sloag the
trajectory provided it is not too far from ths gun, and
only the yaw bayond the screen necd be measured. ‘Tests

can be car:iied out on actual prototypes of aircruft with
tipping screen armor lnstalied without the need of un
elaborate spark photosrapny technique.

3. MECHALISM OF TIPPING:
a. Purpose

Any pgeneral theory based on bro.d wssumpllons
concerning the physical character of the reaction between
screen and projectile appears inaweguate to explein the
results for different materials, ungleb of imptet, and
caliber. The results at first glimpse seem contradictory
or at least motivated by obscure and complicated causes.
For example, the dip in the culiber .30 - 1/L6" uural -
angle of impact curve at 40° and the comp]cte change in
the character of the variatlon with angle of impuct ror
the caliber .30 when the thickness of » dursl serion 1s

increcsed from 1/16% to 1/8% (soe Tig. '70) are most
mysterious. PFurthermore, it is hard to explain the fuil-
ure of the initial hypothesls coicerning the dependence ot
the tipping on the incident yaw.

The weakness of a general theory usually lies in its
being based on nn idealized cuse. Lhe behaviour orf tipping
screens camnot be idealized satisfactorily. It is hardly
necessary to remark that the entire eftect of the scrcen
is imparted to the jyrojectile during the brief instaut in
which the projectile breaks its way through the scieen.
Yet a close examination of the process thet tukes pl.ce
during penetration gave the only plausible explanution of
the tipping phenomena. In manner in which the metal
ruptures letting the projectile through appears to control
the tipping produced. The details of the process are in
satisfactory agreement with the results from the spark
photographs and yaw cards. The nature of the penetration

~-will be discussed first and the individual cases later.

b. Experimental kvidence

Three sources of experimental evidence are
available. First, a series of pictures of the celiber .50

- projectile penetrating the 1/8" dural at 60° had been tsaken,

es was uiscussed in the section on Eaperimental Hesults
(see figs. 19 to 27). oSecond, a careful examination was
made of the hole, left by the projectile in the screen.
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Photographs were taken of the front and rear views of the
hole. In order to orleunt the screen with the trajcctory,

a vertical line was seribed on the screen through the ceunter
of the hole. Up 1s indicated by the wmark of an arrow on the
line. For those rounds in which the screen was placed at
normal, a second line was scribed in the direction ol the
plane of orientation., The hole was then sectioned along

this line and a photograph was made of the section., The three
photographs give a couplete three-dimensionai record of tne
hole (see figs. 41 to 45). Third, the orientztion of tne
projectile was calculated jJust before and Just after penetration.
The incident angle of orientation is computed by adding the
orientation measured from the spark photograph and the change
in orientation that takes place in the distance between the
photograph and the screen. The resultant angle of orientation
is coumputed by extrapolating the measurements up range froum
the yaw cards to the screen. The incident and resultant
orientation are plotted together on a polar coorailnate graph.
The polar angle is taken equal to the orientation., The radii
of the incident and resultant orientution are made equal, but
otherwise the radius is arbitrary. 1t is so chosen tnat the
data will not overlap and can be seen clearly at a glance (see
£igs. 46 to 49).

[ Rate of Reaction

The speed at which the projectile drives its
way through the screen effects the nature of the reaction
profoundly. The caliber .30 A.P. traveling at 2600 feet
per second takes only 40 mlicroseconds (0.,000040 sec) to
completely penetrate the screen. A mass moved 0,01" in
this time would reyuire an acceleration of 30,000 g (the
acceleration of gravity). As a consequence, the screen is
stiffened by its inertia as well as by its own inherent
strength, The mass to be displaced increases with the
distance from the point of impact., This increuse localizes
the break, and, in fact, a short distance away from the
hole the material can be regarded as rigidly supported,

The projectile is usually much heavier than the metal
of the screen that it displaces. The screen will yield
and give way, and any displacement of' the projectile, either
lateral or rotary will be minute during penetration. 4&a
discussed in the introduction, the reaction of the screen
on the projectile is primerily iupulsive. No tipping
takes place at the screen, The tipping develops beyond
the screen as the result of the impulsive couple at impact.
On the other hand, the section of the screen adjacent to
the trajectory will be given a violent acceleration., The
pleces that break away will leave the screen with a
velocity comparable to that of the projectile. The
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sections that rewein will be given un impact energy that

will carry them well beyond their position at the instant

“the projectile has passed completely through.

The rigidity of the material plays an important role in
the type of penetration. The rigidity coues, of course, not
ouly from the inherent static rigidity of the sheet but also
from the additional inertial resistance of the sheet to
displacement. For this reason, the screen is much "stiffer"
under dynamic impacts than under static loads.

d. Clagsification ol dercens

All screens coming within the scope ofr this
investigation could be pluced cutegoricully in one of two
classes: f'lexible or ripgid. The distinetion is fundamental
but, at the present stite, must be rade on a pragmatic
rather thon 8 dimensional busis. Noughly speaking, « screen
can be classed as flexible or rigid depenuing on whether the
mass of the screen involved during impuct is lignt or heavy
conmpared to the projectile. The behaviour of the two types
is the best criterion for distinguishing them. VWith the
screen pluaced at normal, the flexible type will show a failure
broadly described as an "orange peel'. The metal ruptures
in shear along radial lines und the indiviaual pleces bend
back letting thwe projectile through 0 form & crown ov
"orunge peel" on the reur surface. On the other hunu, the
rigid type shovgnone of the radial shear and benuing failure
at normal impuct. The material around the hole yiclds in
conmpression letting the projectile through sinilar to the
manner in shich a die plerces a heavy billet. The sldues of
the hole are smooth and free from cracks. A small crown is
formed at the rear, but this comes from the materizl of the
rear layers of the hole :d not from wny general orange

peeling.

There are two reasons why the "flexlible!" or"raigid"
classification is essential: first, the dependence of the

‘tipping on the angle of impact 1s fundamentally dirrerent

in the two clusses; second, a proportionally great increase
in the tipping produced at zero uanzgle of impact takes plice
in passing from the flexible to the rigid class.

One of the puapposes of the present report is to select
the optimua screen on the basis of projected weight. This
involves a knowledgc of the vzriation with thickness as

- well as with angle of impzct. If in increasing thickness

at normal to meet the projected weight at a4 high angle of
inipact, the screen passes from the flexible to the rigid
class, the results will appear contradictory to those for
smaller thickness, unless account is taken of the chiange

in regime.
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e. Penetration of rlexible ucreens at Normal

The process of penetration occurring in
flexible screens at normal lmpact may be visualized as
follows (see figs. 41, 43, and 44):

As the méblat of the projectile contacts the screen,

it starts Torming & loculized dimple by pushiliig the sheet
aliead of i1t. It ls known that materilals have & much greater
naximum elongation under impaet losds than unaer static
loads. The dural probably behaves in a siunilar marner to
o sheet of rubber during the initial st=ges. Wwhen the pro-
Jeetile has stretched the shcet to the limit of its elonga-
tion, rupture of the material starts in two ways. First the
material shears in axial planes radiating out from the center
of impact thus rorming a ring of 1little pie shaped geclions,

cach one constituting a small cantilever beum supported Dy
the unbroken material. This ring is then bent back by the
ogive a3 the projectile penetrates further and further until
the ple sectlons finally rorm a crown around the rear of the
hole. Probably the shearing «nd bending Lluke place simul-
taneously, one augmenting the other.,

The significant characteristic about the type of break
Ju:t described is that the materiul rupturos in shear and
ending. There is relatively little punching action by the
meplat and bearing failure of the hole around the sides.
The ple sections are given such an impict thet they snap out
of the way leaving only a narrow band around the inside of
the hole showing & bernelled surface where the materi.l has

yielded in jure compression.

How does this type of break influence tue resultunt yaw?
The results showed that the incident yaw ned no bearing on
the resultant yaw. However, a close correlation was dis-
covered between the inciddent and resultant orientations,
and this correlation gives the clue revealing the mechunism
by ~hich the screen produces the tipping. oince the incident
and resultant orientations determine the plane of the initial
and resultant impulsive  couples, a plausible description
of the nature of the farces occurring during penetration
can be interred. '

The projectile aiways approaches the screen with a
small angle of yaw. When the mdplat enguges the screen, the
reaction creates an overturning couple acting in the plane
of orientation as can be seen in the sketches below

=23=
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Again it should be mentioned that the overturning couple
«does not displace the projectile but merely imparts an
impulsive moment to it. The screen ruptures in shear
letting the nose through, und the ogive starts bendiny back
the material around the holc to form the crovn. As cun he

seen (B), the yaw causes one side to be deformed more sharply

than the other 30 that the inittal impulsive couple is in-
creased. The couple from the asyuetric deformation of the
hole diminishes as the center of pravity approaches the
plane of the screen. At the instent the resultunt foice
vector pesses the center of gruvity the couple reverses
direction. The tail bears aguinst the side of' the hole
and creates an impulsive couple which is opposite in
direction to the original impuliuive couple und thus
partinlly cencels it or in some cazes completely over-
comes it (see C). 1If the yaw of the projectile is apyrec-
iable, uhe sneel, beini thin, is so deformed by the time
the tail contacts the edge o1 the hole, that the reverse
couple cancels only a part of the initial couple. The
resultant cougle increases the yaw in the plune of orientu-
tion and in the airection of the ilucldent yaw.

This analysis on first sight might seem to support
the original hypothesls concerning the dependence of the
resultant yuw on the incident yaw. &3 the incident yaw
incresses, the initial upsetting couple is increased.
Two factors enter which defeat the initial hypothesis.
First, the restoring couple due to the tail increases
proportionately to the upsetting couple due to the nose.
Consequently, the resultant couple will depend on the
balance between the nose and tail effects. Second, the
balance will depend on the manner in which the screen
ruptures. In other words, the magnitude of the tipping
is controlled by the type of rupture occurring for each

. -shot. Now, if the material were perfeotly homogeneous,
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it would always rupture in the sawe nmenner ahid e augni-
tude oi the tippin, would be governeu by the initiul yaow.
The fact is thav the material 1s not homogencous insofar
as the way in which 1t fails is concerned. ihe type of
fuilure will depend on the microstructure of the metal,
£nad this 1s governed by microscopic cracks, lnternal
strains due to forming, etc. whichmuy greutly from

blace to pluce. Thus the sScreen way break in an entirely
aifferent pattern ror two rounas identicel in all other
respects, So the magnitude of the tipplag for the flexible
soreen class at normal will be in part a random effair
varying from round to round, in purt deteramined by the °
physicul properties of the screen.

It must be emphacized that the explunation Just jiven
holas only when the incident yaw is small, say less tnun 109,
Of course, &n ordinary suwalleurms projectile always nes a
yaw less than 10° in normal flignt. 1hue case of lurge
incldent yaws is discussea briefly atv the cnd ol the
section on the "Effect of Angular Velocity."

£. BRe tion of Flexible bereens st angles of

fmpact.

Continuing with the description ot the flexible
Screen behaviour, a decided ch.mge in the whole picture
occurs as ths engle of impact is increased from zero to
an appreciuble value,

As the angle of impact is increased from ¢° to only
20°, tae manner in which the screen resists the penetra-
tion of the projectile chunges in one fundamental uspect,
in that the muterial around the hole no longer yields in 4
symietricul pavtern, fThe
spark photograpvhs of the
caliber ,50. penetruating
1/8" dural at 60° illus~
trate qulte well the
nature or ihe break thut
takes place at reuasonatle
angles of impact (see
fig. 19 to 27). To be -
specific, assume that the —
normal to the screen lies L
in a vertical plane con-
taining the trajectory,
that the trajectory is
horizontel, and that the
projectile strikes the
acreen on its under side.
Thie is the ‘actual con-
figuration in the spark
photographs.,

%—.




A3 }

' X |

- s

:'digs;into the metal (see rig. 20). Ais penetration starts,

- 1s largely perpendicular to the surface. The wmetal around
- the top of the hole ylelds elasticzlly in the begliuning
- forming « long bulge (see figs. 21 and 22). A3 the pro-
- Jectile penetrates further the nose breaks through and the
. forecing action of the o:sive forms shear cracks along the |
- sides of the bulge, (see fig. 22 and 43). The edge of the

* . bulge bends back as a unit (see fig. 23% to 27 and 43).

- the hole lles 1n the plane of the screen. The material 1o

"In striking the screen, the upper edge of the mdplat

the force of the top of the ogival head uagainst the screen

bulge breaks up plece by piece but the muin body of the

‘The principle componéent of the force-on the bottom of

woll supported in this direction and, 435 @ consequence, it
fails largely in compression. The failure is similur to

the beuring tailure of u rivet.

The progectile is subjected

to severe localized stresses at this point.
gllding metal from the Jucket and dural trom
can be seen pouring off the lower front edge.

a spray of
the screen
This spray

is evidence of the violent forming process taking place.

During the passage of the head ana f'ore part or the
body, the asymetrical reaction between the scrcen and pro-
Jeatile subjects the projJectile to a couple tendiug to tip ,
the nose up and tail down. The existence of this couple 1is
inherent in the feact Lhot the sheet is inelined to the
direction of motion of lhe projectile. On the top the
resultant force from the bending of the top bulge must ect
well buack along the o;ive. Marks of the progectile rubbing
along this surface can be seen in every round (see f'is. 43).
On the bottom of' the hole, the forcve 1s coucentrated in a
gmall region of contact end the materiul yields lurgely in
compresslion. The reaction here iz so localized thut the
front edge at the bottom rails in shear at 45° to ithe surfuce
and splits away.(see fig. 43). The line of action of the
force from the bottom intersects the axis of the shell in
front of the line of action of the force from the top.
Consequently, these forces coubine to produce an impulsive
couple directed 30 that the nose is tipped up and the tail
dovn. In other words, a major part of the tipping cuaused by
an inclined flexible screen arises solely from the «ngle or
inipact between the screen und the trajectory. Of course,
a3 the center of gravity of the projectile passes tne plane
of the screen, the tipping couple reverses direction, but
by the tiume the tail reaches the metul, the hole is so com-
pletely tormed that the teil passes through almost un- :
obstructed and the contribution of the reversed couple 1is

small.

A transition undoubtcdly occw's, vetween itne iype of
break at normal xnd the type of break at aoderate angles
of impuact, but it must take pluce beforc a 20° ungle of
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L f'”;‘impqct-is'rgachad.- At 20° the hole shows the character-
- 07 istic "bresk:eccurring at large tugles of lapuct. The
) R side inclined towards the trajectory (the top) fuils in
T . shear and bending and the side inclined away from the
' . trajectory (the pottom) in bearing.

.~ As the angle of impact is increased beyond 20°, two
naturally opposing factors influence the tipping. The
force exerted by the bulge at the top of the hole decreuses
with inerease in the angle of impact. This side is rupiured
through a process of distortion, shear, and bending caused
by & wedging action of the ogivul head.

$ " ANGLE OF WEDGE ™~ -__

The smaller the angle of the wedge the smaller the force
thut the projJectile 13 required to exert to fail the
screen, and conversely the smaller the reaction this part
of the hole cun exert to tip the projectile. The bottom
of the hole fails lurgely in bearing and, if the surround-
ing metal is stiff enough to prevent buckling, it exerts
about the same force regardless of the angle of iwmpact.
However, if the angle of impact is sufficiengtly high und
the material sufficiontly thin and ductile, the’lower edge
will deform and fail partially in bending.(see fig. 44).

. - . On the other hand, as the angle of impact increases,
- the lever arm botween the lines of action of the forces

from the top and bottom edges of the hole increases, and
the tipping couple would increase #ith angle of impact if
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the forces remained unchanged. However, the forces do not

- stay unchanged, but may diminish with angle of impact.

Consequently, the tipping produced by a screen at an

angle of impict 1s determined by a ‘balence between the
reaction torces from the cdxes of the hole and the length

of the lever arm between these forces. If the lever arm
increases faster than the resultant force firom the top

bulge decreases, then the tipping will increase as the

angle of impact of a gcreen is increcased. If the reverse
holds, the tipping will diminish with 1ncrease in angle of
impzect. Consejuently, the tipping may {irst increuse as

the sereen is inclined from a zero angle of impact to 20°
due to the transition from one type of break to another,
then diminish as the angle of impact is further increused
from 20° to 40° due to the decreased force from the top
bulge, «na finally inerease again on further increase fironm
40° to 60° due to the rapidly increasing lever arm. (see
fig. 70). The exact nature of the course will depend on the
material, the projectile, and othor physicul factors involved.

g-

The reaction between a tipping screen of the
rigld class und the projectile presents an entirely uifrer-
ent plcture from that just described for flexible screens
(see fig. 42). If the thickness of a flexible screen is
increased, its inherent static rigidity increases with the
third power of the thickness. Assuming that the screen 1s
placed at zero angle of impact, 1t soon reaches a stiffness
at which the bvending and shear strength become sufficient to
resist a local deformution «nd failure by bending and shear.
When the screen is too stiff to deform in bending the pro-
jectile drives its way through by literally pushing the
metal to the side and front. The main mass of the netal
is so well supported that the hole is formed in a wmanner
similar to the punching action of closely fitting male and
female dies. The sides of the hole fall in compression plus
shear in concentric rings, and the metal is essentially
squeezed out of the projectile's way. 4 small crown is
formed at the rear from the outer layer of dursl being
pushed to the side.

This type of hole leaves long'smooth bearing surfaces
on its sides. The sides can exert large transverse forces
on the projectile as 1t passes by them, since the metal
resists in pure compression a comparatively large area.

A change from the flexible class to the rigid class is
shown by the course of the orientation at normal angle of
impact. Thec orientation after penetration is again related
to the incident orientation, but instead of being equal, as
in the rounds with appreciable yaw in the f'lexible class,
the resultant orientation is 180° opposite the inciuent

(see figs. 46 t0 49).
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This change of 180° in orientation indicates that the
counter-couple due to the tail is the controlling factor
for a rigid screen at normal. Since the material fails in
compression only and leaves a close fitting hoie of con-
slderzble depth, it is cuite reasonable th.t the tail
couple should be greater than the nose couple. Juppose
that the plane of the incident orientation is verticzl i
and the nose of the projectile is inclired up. The head 1
punches lts way through, forming the close fitting hole.

Due to its incident yaw it is subjected to a couple which
tends to tip the projectile in the dJdirection of its inci-
dent orientation. As the center of grauvity passes through
the screuvn, the tail starts getting caught on the lower edge
of the hole. For a flexible screen the material on the
botton was so badly bent by the time the tail reached it
that it resisted weakly, but not so for u rigid screen. The
materiol fails in pure compression, .nd hence will resist
defurmation by the tuil us virorously as by the head.

g, ¢

On the other hand, by the time the tail reaches the screen
the top of the hole has already been enlarged by the
head of ilhe projectile, so there is no force exerted by
this side to counterbalance the force from the votton.
Consequently the tall gets "pinched", erfectively, by

the bottom half of the hole. A large impul:sive moment
i3 imperted to the projectile througn this pinching
action. The moment i3 in a direetion opposite to that of
the incident orientution, in sccordance with the orientation
graph. FPFor rigid screens as {for flexible, the resultant
yaw i3 independent of the incident yaw., The tipping
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depenadas on the balance between the iumpulsive coupies

iwparted to the nose zad tail, «ud thy balance, in turn,
depends on tne methou of rupture of the screen,

The mugnitwde ol the tipping will be in puart rendow,
in part deteralned by the materiul of the screen and the
other physicul fuctors lnvolved., 1he resction between the
sereen and the progectile 1s much more severe in the rigia
class than in tne flexible, and tne tlpplay will be pro-
portionately grenter. Oo large 1s the chiange, in tact,
that = 1/8" dural screen at zero angle of iupuct produces
more tipping than o 1/16% dural screcn et Ou° angle ol
impsct, the former belonging to the rigila class, tae iutter
to the flexible class, and both auving the sace projected
weight.

The caliber .30 A.F. has a long, straichv tail (no
bouttail). This facet supports furtner the "tuil pincaiag"
theory. VWwhether a boattuil projectile would be subjectea
to the same "tail pinchiang" is by no euans certain,

he QPenelretion of Hizid Screens gt snles ol Lupact.

As the screen is inclined froaw aorim:l wu wwderate
angles of lap.ct, the tipping benwvves in o wcnner just
opposite to thit expected. As the ungle of lup et 1s in-
creased froa aormal, the magnitude of the tipping decreases,
In all cases of flexible sercens, a rapid ineresse tukes
place 1in the tippinz on inelining the screen troam noracl
to 20°, In the case ol a rlgiu screen,on tiae other hiad,
the tipping was somewhat less at 20° then atl normal, ana
still less at 40° (see rig. 70).

The decrease iu tipping with incresse in anjle ol
impuct tor rigild screens does not appear so uysteriocus on
analysis of the. wechanisu causing tne tipping. In thin

screensi the rapid lnerease in tipplng from norm:l to 20°

is due lirgely to the stiffening ot the botton slide ol the

~hole (assuming the same configurution or sercen wund gro-

jectile as before). To review briefly, the stirfening ot
the bottom occurs as the screen 1s inclined because the

principle force on the tottom side of tvhe hole lies in the
plane of the screen wvnd fyils the materisxl lqargely in pure

- compression. The wezkening of the reaction Jrom tae top

of the hole due to the increased wedging section ot the
ogive is greatly overbalunced in flexible screcns by the
stiffening ot the botiow as the screen is inclined froa

-normal to moderate sngles of impuct. In rigid ccreens,

however, the bottom side of the ihole is already stiilen-
ed at zero angle of iipuct, since the uwaterial iuils

.in compression &s previously explained. voase.uently,

any increase in angle oi lmpact uercly vieagens tie recction
from the top of the hole without strengtucning ine bottom,
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and the magnitude of- tne tippinb is reduced.
‘ g; igggng of Jacket '

»f._ For both flexiole and rigia screens, a stripping

, of ‘the jJacket from the core will take place at some angle
. of impact if the screen is -sufficlently heavy. When the
-=Jacket ls.stripped from the core, the core 1s tipped
" vidlently and the first maximum occurs very close to the

screen (see fig. 57 and 69). The tipping process must be

. modifi~d from that previously outlined for the magnitude

of the tipping Jumps to a very large vsalue when the jucket
is stripped. In many rounds it is not certuin that the
core has™a stable flipght beyond the scireen. The spin may
be greatly reduced and the core may tumble after strippliug.

-Rounds in the stripped coidition beyond the screen should

‘be regarded in a class by themselves and this fact should
be taken into account in meking comparisons with ordinary
unuatilated rounds.

The most lmportant factors deterumining the

-behgviour ol tipping screens are

1) The material of the sereen.

2) The thickness of the sereen.

3) The angle of impact.

4) The caa .der of the projectile.

Although these pairrmeters control the performance of

'all screens, the most c¢i.ticall parameter is the materiul

from which the screen is made, The material will determine
the manner in which the sereen ruptures during peneiration
and, hence, cther factors being equal, will determine the
magnitude of the tipping. The designer will first choose
tne optimum material for the tipping screen and then select
the proper thickness and angle of impact to tip the pro-
Jecetile in guestion. The results of the present test will

‘be grouped according to the material. The effects of

thickness, angle of impect, and caliber of the projectile

"will be discussed 1ndividually in eech particular case.

b. Presen Regults

: The data from the yaw curds was plotted as a
graph of yaw against distance down range from the tipping
screen. The curves for five ipportant and illustrative
cases are shown 1in figs. 50 to 69. Each curve represents
one round. Each graph represents a particular configuration,
that is, a particular screen at a particulur angle of impact
fired on by & puarticular type of projectile.
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- The armor plute designer 1s interested in two
quantities from .the yaw vs distance graphs: (1) the
average value of the maximum yaw end (2) the average

~ distance beyond the tipping screen at which the maximum

yaw occurs; that is, he needs to know the maximum yaw

- and the hnlf-period beyond the sereen. He will place the
~armor plate at the half-period distance beyond the screen in

order to take full advuntage oi' the tipping. 7The aver:ge

"value of the maximum yaw was computed and plotted as -

function of the angle of impuct (see figs. 70 and 72),

" and as ¢ function of the half-period (see fig. 75).

The average value of the maximum yaw und the averape
half-period are indicuted on the yaw vs distance ygraphs.
The method of indication 1s complicated by the fact thi.t
the period of the yaw is a function of the amplitude. The
precise relation is discussed in appendix Wo. 2. 4s a
Tirst approximation the period near the average maximan
yaw varies linearly with the amplitude. If the dispersion
is calculated with respect to orthogonal coordinates whose
origin is at the position of the mean velue,and whose
directions are parallel ami perpendicular to the nalt'-
period - muximum yaw line, the rilspersion is a truly
random quantity. Probable errors computed in such a co-
ordinate 13ystewm are reprusentative of a genuine, symmetri-
cul Gausian distribution. The mean value on each graph is
indicuted by a large cross. The arms of the cross are
scale values of the probable errors in the two principle
directions. An eilipse suriounding the cross gives the

- locus of equally probable values.

The calculation giving the slope of the maximu yaw -
half period curve proved to be ruther lengtny. Furtherwore,
it is believed that for uilrcraft armor the caliber .50
projectile is more important than the caliber .30. For
these reasons, probable errors were computed tor the
caliber .50 results only.

fhe location of the mean values of the yaw and hulf-
period are indicated on the caliber .30 graphs by & small
cross in a circle, but the values of the probable error are
not given.

c. Té ) 7t 3" Dupeas vor v Caliber .
roljectile '

The majority of tests on the 1/16" dural were
carried out using the caliber .30 projectile. The screen
was tested at 09, 209, .09, and 60° cngles of impact at
both maximum and minimum yaw positions on the undisturbed
trajectory. The basic curves for the results at the

¢
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position of minimum yaw are'yresented in figs. 50 to 53.

- The results al the position of muximum yaw are so ,
‘8imilar to the results at minisum yaw, thut the maximum

yaw results are not given. The mean values plotted

against angle of impact are shown in fig. 70 znd 71.

Figure 71 gives the comparison between the results at
maximum and wminimum yaw positions and demonstrates their
similtitude. It 1s interesting to note that the tipping
at minimam yaw is somewhat greater thun that at maximum,
but, in view of the fact that the difference is less than
the probable error, it is not believed to be significant.

The values of the yaw at meximum and minimum positions
on the trajectory were averaged from all spark photos teken
of the caliber .30 M1922 A.P. projectile. The averuge
maximum yaw (44 rounds) is 4.29° with a probuble error of
1.65°, fThe avercge minimum yaw (50 rounds) is 1.30° with a
probable error of 0.93°. The same averages were computed
for the callber .50 ML AL.P. projectile. The averuge uaxi-
mum yaw (50 rounds) is 3.44" with a probable error of 1.24°.
The average minimum yaw (29 rounds) is 0.38° with a probuble
error of 0.13°.

The course of the orientation for the 1/16" dural screen
is given in figs. 46 =nd 47, and photographs of the holos
made in the screen are shovn in fig. 41. '

The results show that the 1/.L6" wural screen - culiber .30
projectile combination belongs primarily to the flexible
screen class. The screen has more rigidity than the

0.0475"steel = caliber .50 combination and hence shows

sone tendency toward the behaviour of rigid screens. The
type of break ut 0° angle of impact shows the typicul orange
peel formation. The course of the orientation ls parti-
cularly interesting for the combination of the caliber .30 -
1/16" dural screen at normal. “The resuivant orjentation

is equal to or rotated 180° from the incident orientation
depending on the megnitude of the inciuent yaw. This is
shown in the following teble and in figs. 46 and 47.

llound No. Incident Yaw Angle between Iucident
: : and iesultant Orientation

2 9o 20! 30
4 6° 10! 159
5 4° 40 320
6 20 /5! 14°
8 50 01 50
53 6° 10! - 10°
5 3° 35! 100°
5 50 51 11°
7 20 Q! 1950
51 0° 35! 1959
55 0° 35! 2159
60  1e 30! 2950
64, . 0° 5 323°
65 T 10 257 243°
66 0° 35! ~33-~ 2200
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\:5f'With 4 few exceptions, the 1ncident and resultant orienta-

. ."-.tiong are.equdal for large incident yaws and 180° out of .
Jheosroainio . phase fOr smadl. ineldent yaws. - Apparently the nose
a0 couple predominates if the vew 1s appreciable ana the tail
uﬁ;a.j,”,,-,v;rcouple 1f the yaw is very small. '

. It shOuld Ye ‘noted .that the holes are elongdted in
"*Zthe direction of the orientation in those cases where the
. dricident yaw was appreciable. This elongation is further
: ‘evidence that the projectile passes through the screen
" “without any lateral or rotary displacement. :

On inclining the scraen to an zngle of impact of 2
- the average magnitude of the tipping inereases sharply from
- 14.8° to 40.2°, The type of break changes from an orange
. peel to the typical angle of impact break showing a bulge
: o on top and a bearing failure on the bottom. The course of
i - the orientation becomes more erratic since it is partially
: controlled by the incident yaw und partially by the angle
of impact. -

- - On increasing the screen to 40° angle of impuct, the

average tipping is reduced somewhat, from 40.2° to 33.8°. , "
o : The breaks becomes a more pronounced angle of impact type.
5 ' Tho course of the orientution is erratic but is influenced

- . more strongly by the screen?!s inclination than at 20°, The : o
reduction in tipping can be explained by the weakeniug of -
-the reaction from the top of the bulge on increasing the |
angle of impact from 20° to 40°, as discussed previously.

On inereasing the ungle of ilwpact from 40° to 60°, the
tipping 1s increased from 33.8° to 45.7°. The break shows the
characteristic she-~ failure along the sides of the top
‘bulge and the course of the orientation is controlled with
a few exceptions by the angle of impuct. The increase in
tipping on going from 40° to 60° cun be accounted for by
a greater increase in the lever arm between the forces from
the top and bottom of the hole than a decrease in the force
from the top. Also, the nose of the projectile shows

;_evidence of being sowewhat deformed.

. On the basis of these results, the optimum angle of
' impact for the 1/16" dural screen tipping the caliber .30
B : projectile is 20°. The tipping at 40° is actually less
= : than at 20°, and the slight increuse at 60° hardly Jjustifies
L - the additional projected weight.

| d. 1n T Tests on "
f(; . ] ' Dural 3ere
Five unusual rounds occurred during the firings

§ on the 1/16" dural screen with caliber .30. These rounds
% , - furnish additional evidence supporting the proposed theory
i

- of tipping and deserve a brief discussion (see fig. 4i5).
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At zero anble of 1myuct rounds 2 and 57 had very

‘high resultant yaws, 35° anu 43° r85pecth;l§, cotipsred

to ul averuge for the group of lg4.8%. The photograph
of round 57 was lost, but the photograph of round 2 cshowed

~an abnormally high incigent yaw of 9.33° (cowpared to an

averige of 4.29°%),., 1t was rirst thought that the high
incident yaw explained the lLarge tipping, but on plotting
the value on the "effect of initizl yaw" graph it -hza the
appearance of a wild polnt. An extémlnation ol thie holes
nade by these two rounds revealed tne czuse of their vrrutic
behaviour. - Asswning for conclseness thut the plaue of '
orientation is verticil and the nose is inclined up, the
photograph shows thut & large piece ol uectal coutaining the
bottom 0i' tihie hole has broken away. This general railure
probubly occurred during the initial Jorcing wction of Lae
oglval heade The bottom broke away ellowiny tie teil to
pe-Ss through lurgely unobstructed. As the tail net little
or no resistance, the normal counter-couple i'row the re-
action o1 the bottom on the tail was lacking. Conseyuently,
the initial couple due to the head exerted its full influence
and drove the projectile to & large resultant yaw,.

At 60° angle of impact rounds. 30 and 34 ucd unuswally
low yaws of 30° and 99, respectively, compared to un average
of 45° An examination of the aolcu reveuled thut tne entire
bulge on the top of the hole wuas torn away. Probably the
metul ruptured at the base o1 the bulge during the finul
stuges in 1ts bending letting the projeciile Lhrougn without
the normul reaction from top vulge. By tne time tne hcad hod
penetrated far enouzh to cause a generul failure of the Lop,

‘the force from the bottom was probubly pust the center of

gravity and consequently exerted a counter couple cuanceling
in part the normal couple due to the screent's inclination.

at 60° angle of impwect, two rounds,No. 85 and Ho. 80,
were accldentally tired through the same hole. The first
round had a normal yaw., The second round had an wusually
high yaw. The second round nit just to the side of the-
first round and must huve been subjected to reactive forces
on one side only. Since these forees were not counteructed
in ony way by the open side of the hole; the asymmetricul
force distribution produced a large resultant couple wund a
correspondingly large yaw. This type of behaviour is
significant not only because it demonstrates the dependence
of' the tipping on the type of rupture but also because it
shows that a tipping screen would still be effective after
considerable firing in actual combat,
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It vioulu Yo rore I'or the lolor rolwlas Lo Siliac in
exeeli;y La2 siile locution od whe OTiginsl rounds, onu toe
later rouncs siriklng close o the L3050 ouids woulla b
clven adioeven piesiel Loppilan.  pVeiieUodlly, of course,
tihe screen would become so purforsted ihot Lt woula Laose
its structurel strengtn, '

Ce aests on 1/16" Dural tereen wita tal. .50
Projectile

Light rounds of celiver .50 were fired zu the
screen incl.ned at a 60° angle of impeet. Yhe tipplag was
so smull tuat the test wiin codliber .90 was not cerrled aoul at
smaller augles ol impict., The resutlts are jiven by «
single point =zt £0° angle ol impact in rig. 72, It is believed
that the 1/16" dural screen is too tight to tip the caliber .50
projectile effectively at augles ol impoel o oU% or loss.

L., estg on 1/8" Dursluwsinua derecn vitin Col. .30
Projectile

The Ll/s" dureluninwi sereen was tested at all
amgles of Lapicel for both thne culiber 3V ana tne caliber .50
projectiles. In woth cuses the tests vere cuarrvied out at tae
poslvion of mindimun yaw on tha weisiurbed trujeciory., The
besic curves ure given in figs. 54 to ol. The sean vilues
of ithe btippiy;, plolted aguinsi Lie angle oi impuct are given
in figs. 70 and 7<3; the course oi the orientution is shown
in rigs. 46 tna 49; the plctures oi the holes aade in tihe
screen are sihown in figs. 42 wnd 43,

The 1/8" auruluminwg sereen Lipping uhe cariber .30
projectile is un interesting cuse since tnis combiuation
is the only representative ol the rigid screen cluss testea,
4t normal the magnhitude o1 tne tipping produced is wusueldy
large, the mean being 58.8°. The vrlentation courdge snovs
a lgu° reversul in orientation t'rom entrance to exit iu all
rounds. ‘The hole made in ihe screen has smooth walls ox-
cept for a small crown ut the back and there are scoring
marks on the walls made by the engraving on the side oi the
projectile. The hiole hus the appearunce of nuving vueen
drilled. £f&ven in the cuse of this rigiu screen the hole is
elonguted in the direction of the orientation for thoue
rounds having « nigh incident yuw., Tnis eviauvhcee fuartiaer
supports the statement that the reucction between screen
anG progjectile is entirely impulsive,

Oon iunclining cthe screen to a 20° ungle ol iapact tie
tipping is reduced, and on further inclining the screen
to 40° tne Ulipping remailns tae samwe as at 20°, 1ne course
ol tie orientation at 209 and 40° shows tiamt tue iucident
orientation is still the predominant fuctor. 4Yhe uype of
break is a compromlse bet-een the puiciieu nole et nomacl
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“cussed.

and. the typiesl typé of fallure occurriny at angles of.

- impact. The top of the hole yields partially by bending

a bulge back and partially by disintegrating the metal
around the hole. The reduction in tipping is due to a
weakening of the top side of the hole as previously dis-

: The -projectile was deformed to a4 noticeable exteut

by the 1/8" screen at 40°. The jacket over the nose of the
core was pushed back and bent to the side. In fact, one
round out of seven had the jacket stripped completely off.

- This deformation might compensate partizlly for the re-

duced resultant yaw. As stated previously the deformation
makes the determinction of the yaw from the major axis of
the hole in the yaw card somewhat uncertzin. The accuracy
of the results ot A40° is therefore less thun that o1 the
other configurations, - : :

On increasing the ungle of iwumpact from 40° to 609,

the resistance of the screen is sufficient to strip the

Jacket from the core. The break in the metal gives an
appearance of a violent disintegratlon o:f the region adjacent
to the hole rather thun a smooth punching action. The core .

is tipped to @ very great yaw a short distance beyond the

screen (see fig. 57). 4 comparison between the stripped
and normal rounds is hardly Justified in view of the

radical chenge in the physical characteristics of the pro-

jeetile. Yor this reason the course of the orientution is
not glven.

: The optimum angle of Lupact for the 1/5" dursl screen
is normal if only 20° and 40° arve considered. The tipping
produced at 60° is greater than at normal and the rounds

are stripped.. Whether these two factors woulu justify the
increased projected weight can only be determined by f{iring
on actual tipping screen - armor plate combinations. _

Z. Hemarks on vtripped lounds

Tipping screens that are sufficiently heavy
to strip the Jacket may justify their additional weight
in certaln cases. The physical propertias of the projectile
and the character of its (light are altered radically on
stripping. The stability of its motion apyeared to be
materially reduced. . Its yaw increased very rapidly to
extrems values shortly beyond the screen. If the core was
still stable, it started a quick oscillation in yaw of
great amplitude. In some rounds the amplitude inerecased
from one period to the next indicating a dynamic instability.
In others the core appeared to be tumbling (see figs. 57 and
69). Both the caliber .30 snd caiiber .50 cores were
tipped to an amplitude of greater than 30° within a foot of
the tipping screen. For certain military apglications, the
reduction in the necessary distance between the tipuing
screen and the armor plate may oe the determining factor

in the design of the screens. Sk
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It ds nut anlbtly pxoyer to compgr the

. *reoulbs of thw ‘caliber ¢30 rirings on 1/16" and 1/8" durul
 _screens sincé the two screens are categorically wifferent. | ..
.. Nevertheless & comparison has been made by tuking the -
g.[?diilerence ‘between bthe average resultunt yaws produced by.:
" ‘the: two sereens at a given angle of lapact and plot,lnb
this difference ugainst the anblc o1 lapaci (see rig. /}).

The large value at noruwl comes from the chunge froa a

. .flexible to u rigid class. YThe aifference drops at 20° ﬁo
" less than helf (hat at 0°, bLut lucreases beyond 20°..

The advantage secured by a screen of the rigid class at

normal is immedlately apparent. It should be noteu, however,

that in all cases an increase in the thxgkneag prouuces u
greater m45nltude of zvipping.

Ihe 1/16" qural at 60° angle or 1Mpucc Bas the same
projected weipht as the 1/8" dural at norftil. Ior the

. ealiber .30 projectile the L/8Y durel at noruul is superior
‘sincé 1t produces 13° more tipping than tne 1/16" at 60°.

In a way this is fortunute since it 1s siupler to construct
an airplane with a flat transverse bulk heaa oi 1/8" durul
thaen an inelined bulk head of 1/16" dural at 6U°. On the
other hand, the 1/16" ovural prouuces almost as uuch tipping
20% as at 60°, ‘The selection muct be vased on {irings
made on a prototype sarmor instullation. ior the culiber ,50
proJuctile, the comparison between 1/16" aural &1 $0° and

178" qural at normal is just opposite to that ol the

caliber .30. The L/16" dural at 60° proauces l4.3° wore
tipping than the 1/38" dural at normual. <he contlict in

“the results for the two culibers is cuused oy the chanie in
clase frow rlexible to rigzia for tac caliver « 30 yonecu¢le

on going frou a l/lé" dural to a 1/d" uural screen,

i. JTests on 1/8" Dural Screens with Cnlibgr ,gO
Projectiles

The 1/8" aural screcn tipping the caliber .50
prodectile beiongs to the flexible cluss, The mugnitude
of the tipplng increases with 1lncreuse in angle of impact,
starting atl a very low value &t normsl, increasing rapidly
from 0° to 209 ana wore gruduwlly from <£0° to GU°, The
negnitude .or the yaw beyond the tipping screen at normal

“angle of dipuct was so small:that it was not possitle to

weasure accurately the course of the orientation wveyonu tne
screen, Consuqucntly, the course oi thc orientution through
‘the screen is glven ror 20°, 40°, anu 60° only. fThe zngle

. of impact is clearly the control.r.inb fector.e 1he type of
brezi 1is typical ol & tlexdble screen. '
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'f‘fffﬁ-l'tAléiése'Simiiarity uight be expected between tne 1/16"

dural tipping the caliber .30 and the 1/8" dural tipping
the caliber .50 since the caliber ~weight ratio is neurly

. . the Ssame for. the two. If anything, the 1/8" dural screcn
- ‘compared to the 1/16" dural screen is heavier than the
.- caliber ¢50 projectlile compared to the caliber ,30. -
- Condequently, one would expect the 1/8' dural screen to .
© produce: a greater tipping of the caliber .50 projectile than

the 1/16" dural of the caliber .30.  Actually, however, the

:opposite should be true., If it i1s assumed that the tipping

is proportional to the weight of metal displaced ana that an
analysis can be made using the theory of small oscillations,
the 1/8" dural screen should produce less tipping of the
caliber .50 than the 1/16" durul of the csliber .30. The
theory 1s discussed in detall in appendix 3. The results are
‘shown in £ig. 74. The hypothesis holds from zero angle of
inpact up to 20°. Beyond 20° the curves reverse ana the 1/8"
screen produces more tipping of the czliber .50. Probably the
assumption. that the tipping is proportional to the weight of
metal dispiaced is not valld at appreciable angles of impact.

The 1/8" dural screen is an important case because il is
the lightest dural screen that produced an effective tipping
of the calibver .50, The 1/16" dural screen was suwfficiently
heavy to tip the caliber ,30 effectively but not the caliber
«50. The general statement muy be made that a screen that is
heavy enough to tip effectively a certain caliber will be heuvy
enough to tip smaller calibers bw# may or may not produce
sufficlent tipping of greater calibers. :

The ‘proper complement to the 1/8" dural screen-caliber
«50 test would have been a dural screen sufficiently thick
to belong to the rigid class in tipping the caliber ,50
projectile. Due to the gain in simplicity of construction by

- using a normal jscreen, a knowledge of the minimum thickness

necessary to change the screen from flexible to rigid class-

- ification would be an important contribution, The original

program called for tests on 1/4" dural screens. Unfortunately,
the Alr Corps failed to obtain this material for the Proving
Ground, and this part of the original program had to be

-omitted. Untll such a test is carried out, no comparison of

the 1/8" dural screen - caliber .50 projectile combination

- can be‘made on the basis of projected weight.

D de 'gats e terialss Sof n Co ’

Before the test was Started, the physical

o chhraéteristics of a mat#rial that would best suit it for
" tipping screen use were not establisned and consequently
" materisls were chosen which would cover the field most

dompletely. It was believed that the tensile and shear
strengths and the strength weight ratio were important

. propérties, The aluminum, copper, and brass represent

naterials having a low tensile strength. The aluminum

’;"h@a & low weight per unit area, the same as the duraluminum.
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The copper and brass have high welghts per unit area, ;
a little greater than steel, 4lso, the aluminum and the
copper have ‘a high ductility. The brass has the greatest

r.tensile strength of the three.

The three materials were tested at 60° angle of lmpaut

;using the caliber ,50 projectile, and the copper and brass

were also tested at zero angle of impact (see fig. 72).

The results at 60° angle of impact showed a decidea infer-
iority in performance on an equal weight basis to both the
dural and the steel and the tests were not carried out at
20° and 40°, The 1/8" aluminum was inferior to even the
1/16" duraluminum.. The 1/8" copper gave only 2/3 the tipping
produced by the 0.0951l" stee.j the 158" brass gave about the
same tipping as the 0.0951" steel. Since both the brass and
the copper are considerably heavier perdtunitv area than the
steel, their performance demonstrates that they are inferior
materials for tipping screen use.

The fact that materials having a low tensile strength

produce less tipping than materials having a high tensile

strength agrees with the propesed mechanism by which the
tipping screen operates. One photoyraph was taken of the
hole made in the soft aluminum at 60° by a caliber .50 to
illustrate the type of rupture occurring in a weak, ductile
material (see fig. 45). The top of the hole bulges but the
material i8 so ductile that it is forued more or less plas-
tically by the passage of the ogival head. The bottom of
the hole also ylelds plastically as evidenced by the large
lip at the front. The reactive forces are small due to the
ease with which the material in the screen is displaced

and the tipping is correspondingly small.

The 1/16" and 1/8" durals were the only materials tested
with both callber .30 and caliber .50 projectiles. The
dural results form a basis for comparing the .30 and .50
caliber projectiles. Adequate protection should be main-~
tained against both calibers. Since a screen adequate ror

‘tipping caliber .50 projectile will be wore than adequate

for tipping caliber .30 projectiles, all subsequent tests

. were carrled out vi:lu the caliber .50 projectile only.

k. Zests on d 095" 4ild Steel Scree

' ‘The mild steel tipping screens ware tested .
with the caliber .50 projectile only. Both thicknesses
belonged to the flexible class. The 0.0475" steel screen
is a particularly representative example of this class.
The metal has both a reasonably high tensile strength and
a high ductility. The "orange peel" formation at zero

.and the angle of attack effect can be seen clearly and
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distinctly (see f£ig. 44). 'The var1ation in the tipping
produced by both steel screens with angle ot iiupact is
siuwilar to that of the 1/8" dural screen (see figs. 62 to

69 and 72). The magnitude of the tipping inereases as the

angle of impact increases from normal up to 40°. Ueyond

400 the two screens deviate from the course of the dural
-ecurve. The 0.0475 steel scieen produces less tipping as

the anple of impact is increased beyond 40°. The photo-
graph of the hole made at 60° discloses the reason for the
decrease. The inclination of the screen has become so

"great that the bottom part of the hole yilelds in bending

and shear as well as the top. Consequentlys tiie reactive
force from the bottom is decreased and the tipping is
correspondingly less. On the other hand the 0.0951" steel
sereen has sufficlent strength at 60° ungle of impuct to
strip the majority of rounds and the tipping is greatly
increased. ' :

The effect of thickness appears unobscured by a change
in regime since both screens belong to the flexible class.
The difference between the average mwaximum yaws of the
0951 und .0475" steel screens is plotted against the
angle of impact in fig. 73. The difference increases
gradually with angle of impact. DBeyond 40° the difference
becomes abnormully large since the fundamentul behavlior of
the screens chunges. At normal Lhe yaws are so0 small that
the difference could not be accurately measured. Between
these two limits, the increase in thickness produces a
constant proportional-inc-rease in tipping. &t 20° the in-
crease 1s 26.1%3at 40° the increase is 28.2%. The theory
of small oscillations would predict a 100% increase in
tipping if the thickness were doubled. However, it is
Jdoubtful whether this theory can be applied strictly either
for yaws as large as 35° or at moderate angles of iupact.

It 1s instructive to compare the curve giving the effect
of the thickness for the .0475" and 0.0951" steels and the
curve for the 1/16" and 1/8" durals (caliber .50 und .30
respectively). The steel screens both belong to the
flexible class,so increasing the thickness brings sbout
a uniform relative increase in tipping over most of the
range. The dural screens belong to different classes,so

-increasing the thickness causes & change in regime from

flexible to rigid with a great increase in tipping at
normal and a proportionately smaller increase at moderate
angles of impact. If the results from the two screens were
compared blindly without taking into account the change
from & flexible to a rigid class in the case of the dural,

the effect of thickness wquld~be obscure and appear arbitrary

and contlicting.
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C e Thz steel compares ravorably ‘with the duraluminum
,_g.[=?was a satisfactory material for tipping screens. The 0.0475"
¢ . gteeld has practically the same weight per unit arca as the
-7 51/8" dural and. the  two cun be compared directly (see fig. 72).
~ "+ The steel produces a little less tipping than the dural
"L at ‘all- angles of 1mpact. A tabular comparison of the two
‘ffis as follows: .::, A - o »

fﬁ?uiﬁw,

Angle or Impact ,Sh Dural gﬁutéel Difference

00 5.6 3.20 2;4° . -1
200  34.8°  29.8° 5.0 |
400 4he6°  37.0° 7.60
60° 49.8°  34.0°.  15.8°

At 20° and 40° the difference is not great, only about
-°0ﬁ, and the advantages in supply and cost of the stael : ]
may well outweigh the disadvantage in tipping. Of course, '
the.0951" steel has double the weight per unit arca of the
dural and produces less than 10% iucrease in tigping
(except at 60°). On the other hand, the 0.0951"steel in-

oy

olined at '60° strips the jacket from the projectile. The
gore yaws rapidly to an amplitude of 68.1° in only 3.3 feet -
beyond the screen. The reduction in spaciny between the ' ‘f

.. tipplng screen and the armor plate may Jusfiiy the added
' “weight in certain cases. '

The steel.used in tho present test was a ductile, cold

- rolled steel znd hud a comparatively low tensile strength.

- Increasing the tenslle strength may increase the tipping
produced by a thin steel screen sufficiently so that the
steel may bacome the equal or the superior ol the dural.

A steel having a tensile strength of 210,000 lbs/sq.in.

- would be required. bDué to 1lnability to obtain high tensile

- .steels of the proper thickness, this phase of the investi-

“gation had. to be dilscontinued. : ,

: ‘The dural possesses certain advantages due to its low
density that may make it superior-to steel even though
the two have the same strength-weight ratio. The added
thickness of the dursl supports the bottom of the hole:
“and prevents it from failing partially in bending. Further-
R - pmore, -the bending strength of the top of the hole is
S - greater for dural than for steel of the same strength-
T - ' weight ratio.  This ‘assertion is discussed in appendix 4.
' ‘ "~ The analysis shows - that, for steel und dural sheets naving
: - " the same weight per unit area, the dural will exert 3 times
“"the force on the projectile that the steel will exert. as
‘the head of the projectile wedges the bulge on the top of

the hole out of its way.
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One sample of Czechoslovaglun nelaet aruor was
tested at 00° ungle.of impuct witu both caliber .30 and
caliber .40 projectiles. The resulis are plotted as a
single point on the grapn gpiving the eftect ot che ungle
of Imprct (see fig. 70 and 72).  Litile was xknown wbout
the propertles ol the steels It was described s « hign
manganese steel, but the wmanganese content coula not luve
been very large since the sample was cvelinitely ugnetic,
Its tipping guellticés were poor. It proauced about the
same tipping of the caliber .30 as the 1/106"% aural, but its
welght per unit area was 1,82 times that of the 1/10"
dural. It groduced less thun half cthe tipping ol tne
0.0475" mild steel elthough 1ts weignl ana thicdness are che
same., The reusons for tine deciucu interiority of the
Czeciioslovakian helmet armor are not clear. the matericld
apjpears to be gquite brittle from the appearance ol the iwle
and the lack of ductiliiy may be a contributing ractor. llow-
ever, its perforiance will remuln a mystery until more is
known about its physical properties,

1. EHplash Tests:

One importunt ciuracteristic ol tipuing screens
has been omitted from the discussion so far. &as the pro=-
Jectile breuxs 1ts way through the sereen, small pleces
of the screen are broken loose una driven to the reur
with veloclties couwparable to th:ut of the projuctile.

The conglouicruate of these small pleces is called the
splash. It cun be seen clearly in the photogruphs of

the culiber .30 penetrating the 1/8" uural screcn at 60°
angle ot impuct (see fig. 19 to 27). Since the splasn his
8 high velocity, it ci:n do counsiderable dunmuge by itself.
Furtherwore its angle of spread is very wide una it mazy nit
parts that otherwise would be zaequately protected. In
order to measure the awount of splush a yavw curd was pluced
in a plane parallel to the tipping screen one inch behind
i1t. DBoth the projectile und the splash punched holes. in
the card. The importunce of the splush was recognlzed
rather late in the course of the investigaiion and the

data 1s sonewb1t incomplete. Records were taiken of the
splash from the culiver .50 projectile penetrating the
0.095LY steel screen at 09, 20°, L0° und 60° ungles of
luipact and tne 0,0475" steel, 0.0625", and 0.125" dural
screens. at a 60° angle of iapuct. The splash curds are
shown in figs. 29 to 32 reduced in size, They are all

' reduced the same amount, however, anua the scale can ve
- determined by looking at the record m«ade by the 0.0951"

steel screen at 0° angle of impact. The caliver .50 pro-
Jectile has left a clean, sharp hole whose exact circuler
border canl be seen marked on the c.rd arounu the torn-out
center. As the angle of inpact is increased, tine spluch
is increased, 4t 00° the 0,095i" steel screen strips the
Jacket anu tne splash becones very severe, 7The thnicker

-l3=
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'5j7gthe metal, the greater the splaah, &5 can be seen by
" ‘comparing 1/16" dural with 1/8" dural. VWeight for weiwht

the steel has less splash than the dural (the 0.0475" steel

~and the 0.125 dural have the same weight per unit area),
-+ but the steel produces less tipping than the dural. I1f
“ - the thickness -or the tensile strength of the steel are in-
- creased sufficiently to equal the tipping produced by the-

dural, it is not possible to say from the results at hand

h which materizl would give “the greater splash.




B ior o A

ﬁ‘,
3

-

©CONCLUSIONS

'+ "4 relatively light screen will lapart a sut'fieient
torgque to & projectile penetrating the screen to tip the

ﬁfj*projectile:to ¢ considerable ungle ol yaw a azlf-periou
" beyond the screen. The torque is purely impulsive in

nature. It gives the projectile an. lncrease in iinetic

- energy without eny actiual displacement during petietration.
The increage in kinetlc energy drives the projectile to a

large yaw a half-period beyoud tine screen. The hali-pcriod
is dependent on the amagnitude of the resuliunt yaw. The

. larger the resultant yaw the shorter the hall-period.

In certaih cases, the screen will strip the jacket off

~ the core, The core is tipped to a very large yaw a short

distance behind the screen. E
. I _
In general, a screon that is strong enough to tip a

. certain projectile sufriciently will be mopethan strong

enough to tig a lighter projoctlle but muy or uway not be
strong enough to tip a heavier projectile. ihe distunce
between the screen and the maximwa resultant yaw will uepond
on the caliber, the condition oi the prujectile beyonu the
screen,and the severity otf the tipping. _

‘The mechanism by which tipping is produced by the
screen depends on the properties of tne waterial and its

-angle of lupact. OLcreens can be classified in generul as

"flexible" or "rigid". The behuviour ol the two is busic-
ally different, '

The magnitude of the reswltant yaw is ladependent or tlie

. incident yaw and angular veloclty as long as the incident

yavw 1s small (less than 10°). It is determined for e
particulsr configuration by the uunner in which the uclerial
ruptures during penetration.

The physicél properties of u materisl that will best

-Suitgit for tipping screem use arec high ténsile ana siear

strengths and a anigh strength-weight ratio.. The optimun
material of those tested was durcluginun...idild steel
of the same weight produced about 307 of the tipping pro-
duced by the dural. ZThe performnunce of nigh tensile

strength steels was not investigated due to lack of Z -

~material. ~

The ungle of lmpact and the thickness should be cone
e y

' sidered together since the projected Welght 1s tie critical

factor for airplane desizn. Tae effect of taickuess is

5
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complicated by the radicul.change in behaviour encountered
if an increase in thickness changes the screen from the

~flexible class to the rigid class. The variation in the
tipping with angle of impact depends on the thickness, the
muterial, aud thé callber of projeetile in & manner so

- complex that a comprehensive investigation of the entire
rangze of thickness and =ngles of impact will be necesssry
before any seneral conclusions can be drawn. '

In all c=ses, an increase in thickness brought about
an increase in tipping. The sanme c:nnot be said for an
inerease in angle of impact.  An increase in angile of
inpact may increase or decrease the tipping depending on

the particular configuration. The effect of the wngle of
impact should be investigated for each individual cuse.

The optimum screen can be selected on a busis of pro-
Jected weight in three isolated cises. For the caliber .30
projectile a 1/8" dural screen placed at 0° angle of impict
produces more tipping than a 1/16" dural screen placed at
60° angle of impact. For the caliber .50 projectile a
0.0475" mild steel screen placed at 60° angle of impact
produces much more tipping than a 0.0951" mild steel
screen pluced at 0° angle of impact; also, the 1/16" dural
screen placed at 60° angle of lmpuct produces more tipping 7
than 1/8" dural screen placed at normal. It should be ,

‘noted that the results for the first case conflicts with
the last two. '

The splash produced by & screen depends on the material,
the thickness, znd theé angle of impact. The amount of
splash increases with both thickness and zngle of impact.
Welght for weilght, a mild steel screen gives less splash
than a dural screen. There 1s not sufficient data from the
present investigation to compare the splash ol the two
metals if the thickness or the teusile strength of the
steel were increased sufficliently to give the same tipping
a3 the dural. ' ,
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APPENDTX 1

gg,at;gg Batween Jdaxi mun Yaw and angala z Velocity
at Miniuam ng

smenistifnsstrane

The resultant angular velocity of the uzojectile is
given by the equation (see rcf. 8).

-]
W = 5% °
where

Resultant angular velocity

Hi

W
0 = Angle of yuw .
¢ 2 Angle or Orientation

Assume that the minimum yaw 1s very small. Then d is given
by the equation

s

o
]

o sin.Bg

ke §*11
5 o8 =

oo
i

amplitude of the raximum yaw

p=gyl-4

(see appendix 2 for symbolism)

-4
it

where

Assume that § can be approximated by its steady value

Then

At minimum yaw cos® £t = 1 .

-4, T
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: : "ébnse-quéntly the 'h'l']iéiilar velocity at uwinimum yaw is pro-
...~ - - portional to the amplitude of the waximum yaw.
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: Hitchcock gives the folloning formulse for the
relation between the semi-period and the maximum yaw.

(see ref. l) ,
. Iy =, |
2?_ ’lgwli.;.
" where : I
' Q = AN/B
4 = Axisl Moment of Irertia
-B = [ransverse Momént of Inertia
N = 5pin in radians per second.
T = Period. |
¥, = cosine of the maxiaum y&aw

¢ = Moulton's 3tavility facﬁor = %
. 2 | ‘gf
= L
K (1 +x) (1 + 4»+ 232 * iil)

k= JE=d
=

—w

The formulae is based on the assumption that the minimum

- yaw- 13 gzero. This assumption 1is not correct in the present
o cage but the error introduced in this way will be smell.

At the m&ximum yaw the rate of change of orientation,

(AN is given by ‘the. equation

= &
"2
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whefe w* is given in radians per sacond.

Ted  x
T Fj£%=‘7;
l+wl ¥

Af 9} 1s given in rudians per foot,

then :
| eb =9l xV
where
V = Velocity of the Projectile
g =1/s
where
s = Conveniionzl otability Factor,
but IV = L = Period in feet
AT S
T | 2. _a
,‘98

_ \ |
Hitchcock has computed Lg as a function of Wy and S

(see ret. 7). o', L, and w, were experimentalily deter-

nined., In order to compere the theory with the experi-
ments, L was plotted as & function of w, tfirst from the
values measured from the experimentul résults and second
from values of ‘L computed from the rormulee using

measured values of w, and @f (see fig. 75). FEach point

represents the uverage ol a group of rounds. The symbols
with tails represent the measured valucs of L and those
without tails the computed values of L. As can be seen

the two curves huve the same character but differ somewhat
at lerge values of the waximum yaw. The curves are brought
into coincidente at a point whose yaw wa3 measured from the

- yaw cards amxl whose semi-period wdas computed f.ou the

[
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measured yaw onud; rata cf chaabe of o*ientauion. The yaw
;:oardﬂ Were not. pleged furtner than ‘10 feet veyondé the

ippiug screen, and, since the sealipériod 4is erounu 14', L
d not be measured divectly for small yaws, ilovever,

,'lmeasuremebts of ‘vhe yaw were a.de ut the 12,3 It, position

from the muzzle during tne ‘angular veloclty investigation
(see the section on the Effect of ingular Me;ouity).

Assuming ‘that 12,3 ft. 1s the correct seualperiod for -the
- first maximum yaw,: the -average of the yaws meagured at tiils

distaunce is shown on the graph by 4 + symbol. The correct

. valug probably lies souiewhere s between thase two polnts.

. The slopes of the exparimental and seui-empiricul n

vs T curves were measured graphicully and plotled against

m

'ﬁhe.value of the maximuw yaw (see fig. 76).

The aver:ge Maaimun yaw for any particular group of

, shuts was used to determine the slope of the beniperiou -

maxiuum yaw curve from this graph. The experimentcl values

-0l the slope verc used.
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AP EGDIX

Comnarison of Tipping Uroduced by the 1/i0" vural
sereen on tie Caliuver ,30 2roJd Gk by T
1/3" Dural Scereen on tie Ca.liver .50 Projectile

~

If the course of the yuw c«ll be representea by a
simple trigonometric fwiction of ihe tine wud the anguler
velocity due to the rute of change of orienvation cwn e
rneglected '

o = @ siu(E%)

then the theory of smull oscillations says that uie

sinetic inergy (at 5 = () = % 5 0%
and the
Potential Lnergy at (b = a) = g p* a*

and thut the
Kinetic tnergy (at d = 0) = Potentisl Lnergy(at > = g)

that is

12V (o
&
< ©
»
i
(N
©
L
2]
o

where
3 = ungle of yaw

transverse aouwent of ine-tis

i

time uscale fuctor

R O
#

= zmplitde of the maximun yaw.

When the projectile penetrates the tippin; screen it is
subjected to an lmpulsive couple of nuguitiude

n = /’Iorque X dt = rve, Torque i 4LtT.
According to Newton's laws of wotion:

Change in angular momentum = inpulsive torque,
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. where

. 5 e st

ﬁézlécting the oscillation in yaw preseut belore steiking

' the sereen and assuming that the entire oscillation in yaw
- 18 sturted by the impulsive couple from the tipring screen:

Change.in angular momentum = 35 = m.
°
. @ =mn/B

- p REef
g

w .
—~
k]
N

\

an@ : 3

- 20
Lp

Now :

A% x\fl - 1/s . (see vcf. 8)

=
I

where
. axial oment of Inertia -

%
"

ti

Spin in nadians/second.

w
1]

btability Facter

o = —S0
Al J1-1/s

250 . (250) « Ajpr‘su Vi =1/540

- - .. . ' K : |

and

(k>30 = Quantity for the Culiber .30 ' '

( )50 = wuannity of vhe Caiibver .50
According to the initiul assumption

= Constant x Area of the Hole x Thickness of
- the mgping ocreen

-53a

B e LT Ly - e~ B ., E ]



vhaere

i

k.
4 =

ct
h

}SQ
}g&‘

=2
w
o
f
»
w
G

liow

030

ka2t

constant
celiber of the piojectile

thickness of the tipping screeru.

fﬁﬂ 1)
tag '

0.5 inch

I

= 0,3 inch

0.125 inch

i

0.062% inch

i

21.45 grain inches®

1.306 grain inches®

'+ 14,070 radians/sec

19,6CO radians/sec

it

1.67

i

1.47

& .
=9 = 0.58
20

/ According to assumptions made above, tie 1/8" durel
‘ screen should produce only 0.58 the tipping of the celiber
" es the 1/16" dural scieen of the caliber .30.

~hy=

.50
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On the nssumption that the bulge 13 & amall cantilever ST

beam, once shear has taken place, the equation of equi-
librium is

L

W

£

£S

o
I
x
1

3
3
VW

A
n\\

\

wherg@
F = Force Jeaction with the Projectila,

nmoment roquired to bend the beam.

=
it

M

-~

v = section moduluu,

p )
.

= length of the bean.

assume thit the average section modulus can be repreaonied
by a rectangular ares, w wide and t thick. Since the bulg
are the same size in the steel and dural, w and § will de

constant.
Then

Lo

M a f-'-ﬁ”-Fﬂ
wl ¢t 8 *
F;—-%-Rﬁ—

o _wft“
P

and o2 - Tg,‘(‘f,@ & s
LA A =

L o o }

ToP BULEE ? N o

" . L L
P A

ultimate tensile strength of the outside fibre.
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Figure 19
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Projectile Penetrating 1/8 incn bural at Angie of Impact 60°,

Caliber .50 M1 AP Service Velocity,




Figure 20 {

Projectile FPenetrating 1/8 inch Dural at Angle of Impact 6C°,

Calilber .50 N1 AP Service velscity,




Figure 21

Projectile Penetratin~ 1/0 inch iural at Angle ol Impact 60°,

Caliber .50 1 aP Service Velocivty,
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Projectile Fenetratin: 1/8 inch Dural at Angle of Impact 60°,

Caliber .50 K1 AP Service Velocity,
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Ficure 23 .
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Frojectil: enetrating 1/8 incn Lural at dngle of Impuct 60°,

- Caliber .50 V1 AP Service Vslocity,




Firure 2

Projectile Penetratin- 1/8 inch ural at anple of Impact 60°,

Caliber ,GC 11 AP Service Yelocity.




Prrjectile Penetrating 1/ inch urael at ancle of impact 6C°,

Caliber .oU L1 AP Service Velocity.
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Figure 41 t
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llole Mode in 1/16" Dural by Caliber .30 M1922 AJP. Prej-ctlle
Front Croze Section Rear ;
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Figure 1,2

Hole Made in 1/8" Dural by Caliber .30 M1922 A.P, Projectile
Front Cros:s Section Rear
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Figure 43
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Figure L}

Hole Made in 0.0475" Steel by Caliber .50 M1 AP. Pr - Jectile
Front Cross Sectlon Rear
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Figure L5

Hole Made in 1/16" Dural by Caliber .30 M1922 A.P. Projectile e
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Figure 51
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Figure 69
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